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Product Line: Analytical systems for x-ray energy spectrometry, wavelength-dispersive 
x-ray spectrometry and electron energy spectrometry. Kevex detector/cryostats and 
analytical spectrometer systems are compatible with all electron microprobe, scanning 
electron microscopes and transmission electron microscopes in current production. Sys- 
tems are available for both qualitative and quantitative analysis. 


Sales Offices: 
Dana Kelley, 46 Knollwood, West Hartford, CT 06107, (617) 256-4961 
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Chicago, IL 60616 


Contact: Ian M. Stewart, (312) 842-7100 


Product Line: Analytical services in desciplines such as pharmaceuticals, forensic 
sciences, contamination control, metallography, air and water pollution, painting and 
document authentication, and corrosion. Analytical tools available: electron and ion 
microprobes , TEM, SEM, EMMA, ESCA, XRD, XRF, GC-MS, IR-UV, optical microscopy, and 
MOLE, laser Raman microprobe. 

Instruments Division, McCrone Accessories and Components, range of instruments and ac- 
cessories for light and electron microscopy. 


MICRON INC. 


Box 3536 
Lancaster Pike and Centre Road 
Wilmington, DE 19807 


Contact: James F. Ficca Jr., (302) 998-1184 


Product Line: Scanning electron microscopy, electron spectroscopy, electron probe x-ray 
analysis, transmission electron microscopy, quantitative image analysis, x-ray diffrac- 
tion, x-ray fluorescence, optical microscopy and metallography, micro hardness, optical 
emission spectroscopy, differential scanning calorimetry, ultra microtomy, sample prep- 
aration. 
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Sunnyvale, CA 94086 


Contact: Richard C. Wolf or William D. Donnelly, (408) 733-3540 


Product Line: WDX-2A wavelength dispersive x-ray spectrometer systems. X-ray microanalysis 
systems for use as accessories on scanning electron microscopes and other electron beam 
instruments. Capable of quantitative x-ray analysis of all elements down to beryllium, 
atomic number 4. Unique design permits attachment to most SEM electron columns without 
interference to other detectors or operational modes. 


3M COMPANY, ANALYTICAL SYSTEMS 


Building 53-3 

3M Center 

St. Paul, MN 55101 
Contact: Peggy Willingham 


Product Line: Complete ion scattering spectrometer (ISS) and secondary ion mass spectro- 
meter (SIMS) systems with vacuum or as attachments to existing vacuum systems. Ion gun 
systems for surface analysis and sputtering. 
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Sales Offices: 
Gerald H. Rosenthal, Box 76, 15 Henderson Dr., West Caldwell, NJ 07006, (201) 575-2123 
Robert W. Geiger, Box 460, Noblesville, IN 46060 
Paul B. Clark, 346 Drexel Ave., Ventura, CA 93003, (213) 726-6417 


PERKIN-ELMER ETEC INC. 


3392 Investment Boulevard 
Hayward, California 94545 


Contact: Mrs. P. J. Breton, (415) 783-9210 


Product Line: High performance electron microprobes and scanning electron microscopes. 
Modular design allows alternative configurations to be offered with a wide range of 
retrofittable accessories. Instruments are available for manual operation, with auto- 
mated control through dedicated minicomputers, with shielding for imaging and analysis 
of radioactive materials, and for laboratory and manufacturing electron beam litho- 
graphy. Microbeam products include: Autoscan, Omniscan, Autoprobe, LEBES, Vistascan, 
Viewpoint, Biosem, and ADRES. 


Sales Offices: 
Throughout the USA, call toll-free (800) 227-1222 or (415) 783-9210 


PHILIPS ELECTRONIC INSTRUMENTS, INC. 


85-91 McKee Drive 
Mahwah, NJ 07430 


Contact: J. D. Rodgers, (201) 529-3800 
Product Line: Electron optical instrumentation and x-ray analytical instrumentation. 


Sales Offices: 
Main Line Professional Building, Suite A 1104, Rt. 130, Cinnaminson, N.J., (609) 
829-4454 
7525 Long Avenue, Skokie, IL 60076, (312) 676-1714 
11141 Georgia Avenue, Suite 210, Silver Spring, Md., (301) 933-3002 
3000 Scott Blvd., Suite 113, Santa Clara, CA 95050, (408) 247-5333 
3760 Cahuenga Blvd. W., Suite 101, North Hollywood, CA 91604, (213) 980-2884 


PHYSICAL ELECTRONICS 
DIVISION OF PERKIN-ELMER CORP. 


6509 Flying Cloud Drive 
Eden Prairie, MN 55344 


Contact: Robert C.-.Cargill, (612) 941-5540 


Product Line: ESCA/Auger electron spectrometers, scanning Auger microprobes, thin—film 
analyzers, secondary ion mass spectrometers, specialized combination systems, and a 
broad range of components including electron energy analyzers, sputter-etching systems, 
specimen manipulators, x-ray generators, UV sources, and sample introduction stages. 
Also operates an analytical service laboratory for custom surface analysis. 


Sales Offices: 
Boston, New York, Washington, Pittsburgh, Chicago, Dallas, Minneapolis, Seattle, San 
Jose, and Los Angeles. 
Contact Minnesota for local contact. 


PRINCETON GAMMA-TECH 


Box 641 
Princeton, N.J. 08540 


Contact: Darlene Thompson, (609) 924-7310 
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Product Line: X-ray energy dispersive microanalysis systems. An application laboratory 
and extensive program library. 


Sales Offices: 
Bill Hendrixson, 405 Vernon Rd., Jenkintown, PA 19046, (215) 885-3077 
Tom Griffin, 701 Morewood Pkwy., Rocky River, OH 44116, (216) 331-0120 
Al Hollaar, Box 4319, Thousand Oaks, CA 91359, (213) 991-3898 
Joe Piersante, Route 2, Box 50-Al6, Gainsville, GA 30501, (404) 887-9100 
Don Dunkin, Box 641, Princeton, NJ 08540, (609) 924-7310 
Denny Cannon, Box 36157, Denver, CO 80236, (303) 978-0786 
Rod Jensen, 8408 Bridgetown Dr., Austin, TX 78753, (512) 836-0188 
Ernie Frost, Box 5817, Stanford, CA 94305, (415) 941-3560 


QBI INTERNATIONAL 


2034 Golden Gate Avenue 
San Francisco, CA 94115 


Contact: Quentin A. Brown, (415) 929-1622 


Product Line: Signal processors for the scanning electron microscope and STEM. Video 
systems for the electron microprobe. X-ray systems for the electron microprobe. 
Crystals and detectors. Stage and goniometer drive systems. Computer control of the 
SEM or electron microprobe. Computerized data acquisition systems. 


Sales Office: 
Box 6A, Russell Road, Bloomington, IN 47401, (812) 336-6244 
C. M. TAYLOR CORPORATION 


Box 7087 
Stanford, CA 94305 


Contact: Dr. Charles M. Taylor, (408) 245-4229 


Product Line: Various types of multi-element standards for microbeam analysis by SEM, 
microprobe, and ion probe using energy, wavelength, and mass spectrometers. The stan- 
dards available exceed 135 different metals, alloys, or compounds. Bence-Albee stan- 
dards are available. Also supply sample holders for ARL-EMX and ARL-EMX-SM stages and 
many types of sample holders and polishing jigs for sample preparation. Offer analyti- 
cal services to customers desiring electron beam microprobe analysis, MAC-5 instrument. 


TECHNICS EMS INC. 


7950 Cluny Court 
Springfield, VA 22153 


Contact: Diane Hurd or Robert Barr, (703) 569-7200 


Product Line: Secondary ion mass spectrometers and electron energy loss spectrometers. 
Preparation and peripheral equipment for the electron microscope. 


Sales Offices: 

1754 Junction Avenue, San Jose, CA 95112 

Milhertshotener-Str. 8, 8000 Munich 40, Federal Republic of Germany 
TRACOR NORTHERN 


2551 West Beltline Highway 
Middleton, WI 53562 


Contact: Tyler North, (608) 831-6511 


Product Line: Wide range of data processing instrumentation for qualitative and quantita- 
tive x-ray analysis. Products include data acquisition, reduction and automation for 
electron microprobe, SEM, TEM and STEM. Featuring simultaneous EDS/WDS acquisition/ 
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reduction, digital beam control allowing for digital mapping, line scans and other 
digital image processing. And now particle location, sizing and elemental characteriza- 
tion. Flexible packaging allows instrument to be also used for ELS, Auger, ESCA, SIMS, 
etc. Other products are used in nuclear, optical, signal averaging and medical appli- 
cations. 


Sales Offices: 

Suite 260, 2425 Bisso Lane, Concord, CA 94520, (415) 825-8190 

Technical Instrument Co., Suite 106, 4215 Beltwood Parkway, Dallas, TX 75234, 
(214) 387-0606 

Scientific Systems Sales Corp., 6901 Jericho Turnpike, Syosset, NY 11791, (516) 921-3737 

Contemporary Science, Inc., Box 205, 500 E. Northwest Highway, Mt. Prospect, IL 60056, 
(312) 255-3793 

Pulcir, Inc., Box 357, Oak Ridge, TN 37830, (615) 483-6358 

Trembly Associates, 119 Quincy NE, Albuquerque, NM 87108, (505) 266-8616 

EMCAR Marketing, Inc., 8041 W. I-70 N. Service Rd., Arvada, CO 80002, (303) 424-0108 
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Microdiffraction Techniques 


MICRODIFFRACTION FROM CRYSTALS CONTAINING DEFECTS 
R. W. Carpenter 


In order to examine defects in crystals using electron diffraction it is desirable to 
irradiate only the local crystal region containing the defect. Recent improvements in 
microscope instrumentation, principally in electron optics and vacuum systems, have made 
convergent-beam electron diffraction a relatively simple experimental method, and it is 
the method of choice for diffraction investigation of many types of lattice defects. The 
method itself has been used in crystal physics research for about 40 years, but only re- 
cently have applications to materials science problems begun.!’* At present, applications 
of the method are being made to characterization of grain and interphase boundaries, local 
foil thickness measurement, lattice defect symmetry characterization, small precipitate 
crystallography, and other problems at various laboratories. In this paper the method is 
described, its use for Burger's vector direction determination is illustrated, and use of 
convergent-beam shadow images is discussed. 


Experimental Method 


Microdiffraction in electron microscopes may be classified according to the method 
used to select the area for diffraction as probe-selected or aperture-selected microdif- 
fraction. Here, probe-selected microdiffraction is of primary interest. Aperture- 
selected microdiffraction, more often called "selected-area diffraction" (SAD), is. the 
better known of the two methods.? For SAD a nearly parallel, rather large-diameter inci- 
dent electron probe is used; the minimum size of the specimen area that can be accurately 
selected by the field-limiting aperture is determined by lens aberrations and focusing er- 
rors, and is about 0.5 um.* The minimum size specimen area for probe-selected microdif- 
fraction is determined by the incident-probe diameter on the specimen; typical probe di- 
ameter on the specimen; typical probe diameters range from about 50 down to 0.5 nm. Such 
small probes are formed by use of the microscope illumination system to converge the elec- 
tron beam to nearly a point focus at the specimen and probe-selected microdiffraction pat- 
terns are often called convergent-beam electron diffraction patterns (CBED). The spatial 
resolution of CBED is much higher than SAD; thus the displacement field surrounding a lat- 
tice defect, such as a dislocation, occupies a much larger fraction of the crystal-dif- 
fracting volume in CBED than in SAD, and one may expect the effects on the diffraction 
pattern to be more easily observed. Because CBED patterns are formed with a convergent 
incident probe, the specimen is irradiated over a range of angles and the Bragg spot di- 
ameter is generally larger than in the case of SAD. In this paper the terms angular reso- 
lution and beam divergence, denoted by a;, have the same meaning and refer to one-half the 
diameter of a Bragg disk in a diffraction pattern, expressed in radians. Since the spac- 
ing of Bragg spots in a diffraction pattern is 26, where 6 is the Bragg diffraction angle, 
it is easy to see that Bragg disks in a CBED pattern overlap if a; > 6. Probe size and di- 
vergence obtainable in microdiffraction patterns depend on illumination system parameters 
such as electron source size, excitation of condenser lenses, and condenser aperture size. 
The relationships among these parameters have recently been described in detail elsewhere. 
It has been shown that probe size and divergence are inversely related; for CBED experi- 
ments the probe is usually focused on the specimen using illumination system lenses and 
then a divergence appropriate for the application is fixed by choice of second condenser 
aperture size. The first applications of CBED to materials science systems made use of 
the small probe (high spatial resolution) to obtain single-phase diffraction patterns 
from each distinct phase in fine grain size multiphase specimens such as lamellar precipi- 
tates in Cu-Ti alloys.® These patterns are usually taken at high angular resolutions to 
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resolve closely spaced Bragg spots (i.e., with small second condenser aperture), espe- 
cially if the crystal structure of the phase is not well known. However, diffraction 
patterns of larger divergence (larger Bragg disk diameter) also contain very useful in- 
formation. In particular, convergent-beam diffraction patterns from specimens of appro- 
priate thickness contain three-dimensional lattice information. This feature is a con- 
sequence of excitation of Bragg reflections in higher-order Laue zones (HOLZ) (i.e., 
Bragg reflections in reciprocal lattice planes above those in the plane containing the 
origin). A more detailed des- 
cription of HOLZ termin- 
ology has been given by 
Jones et al.’ Diffraction 
vectors corresponding to 
EM-400 STEM HOLZ reflections have sig- 
anapees Lara RON RIBES nificant components anti- 
HB-5 D-STEM, SAD OR GRIGSON il ae ae BO Me 7 eA en ee: 
eam direction. Thus, 
JOOEV ELECTRONS MODULATED three-dimensional informa- 
tion is contained in these 
| / TYPICAL MATRIX diffraction patterns. It 
POLYMERS SPOT RESOLUTION 1s clear that incident-probe 
po aay aie divergence a; is one of the 
| most important experimental 
. variables for electron dif- 
| 9 fraction. Figure 1 shows 
le” the range of angular reso- 
| 
| 
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lar resolution required to 
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phenomena. To examine the 
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FIG, 1.--Experimentally determined angular resolution de- lattice distortions caused 
pendence on probe-forming aperture diameter for two analy- by various lattice defects, 
tical electron microscopes in various operating modes. such as chemical segragation, 
Typical angular resolution ranges for particular appli- stacking faults, dislocations, 
cations are indicated. EM 400 TEM/STEM used is fitted and others, it is useful to 
with field-emission source. choose a larger value of aj 


such that a number of HOLZ 
reflections are excited to produce Kikuchi lines corresponding to HOLZ reflections and 
HOLZ line detail that can be observed in the central Bragg disk at large camera lengths. 


Expertmental Determtnatton of Burgers Vector in Stlicon 


A CBED pattern from a silicon crystal, with the approximately 10nm-diameter incident 
probe centered on a 60° dislocation in the plane of the (111) foil, is shown in Fig. 2(a). 
For comparison, a Similar pattern from a perfect silicon crystal in the same orientation 
is shown in Fig. 2(b). These patterns were recorded with a relatively short camera 
length, so that a large area of reciprocal space is visible. The bright ring of Bragg 
disk near the edge of the patterns is composed of excited First-order Laue Zone (FOLZ) 
reflections. Two Kikuchi bands corresponding to FOLZ reflections are indexed in Fig. 
2(a): [335] and [337]. Note that B-g=1, where B = [111], for both FOLZ reflections. 
Comparison of Figs. 2(a) and 2(b) shows that all the Kikuchi lines in Fig. 2(a) are split 
into fringes parallel to the original (unsplit) Kikuchi line direction except the [337], 
[335], and +[224] lines. These unsplit lines correspond to diffraction vectors not af- 
fected by the presence of the dislocation in the irradiated volume. The direction of the 
Burgers vector is obtained from the cross product of the indices of any two of the un- 
split Kikuchi lines, and is +[110]. This information is obtained easily from a single 


zone axis CBED pattern because many beams are excited. Corresponding two-beam image 
contrast experiments confirmed the Burgers vector direction. The unsplit Kikuchi lines 
of Fig. 2(a) correspond to three diffraction vectors in the plane orthogonal to b. 


FIG. 2.--CBED patterns taken from silicon crystal at relatively low camera length show 
Kikuchi lines from zero- and first-order Laue zones: (a) pattern with dislocation under 
probe, (b) pattern from perfect crystal; 120 keV, a; = 6.6 mr. 


At larger camera lengths one may observe FOLZ line detail in the central Bragg disk 
as shown in Fig. 3. The pattern from the perfect crystal shows unsplit FOLZ lines, which 
are indexed. When the probe is placed over a dislocation, all FOLZ lines except the [1], 
5, 5] were observed to split, such as seen at the [199] position denoted by A-A in Fig. 
3(b). Other experiments showed b = +1/2[011] in this case. Note the strong disturbance 
of the pendellosung fringes by the dislocation. 


Dynamical interactions among the diffracted beams in a perfect crystal can also cause 
HOLZ line splitting, and the complexity of a pattern containing splitting from both dis- 
locations and dynamical interactions may preclude quantitative analysis. This problem 
can often be avoided by adjustment of the operating voltage of the microscope so that the 
HOLZ line pattern from a perfect crystal of the material of interest can be indexed by 
straightforward application of geometry. The splitting observed when the irradiated 
volume contains a lattice defect should then be attributable to lattice distortion, at 


least in simple materials. Further details of this method of defect analysis will be 
published in due course.® 


FIG. 3,--CBED patterns taken from a silicon crystal at large camera length to show FOLZ 
lines in the central Bragg disk: (a) perfect crystal, (b) probe on dislocation; 100 keV. 


Use of CBED Shadow Images 


A practical problem associated with identification of defects from CBED patterns is 
placing the probe on small defects. A related problem is keeping track of a small area 
(such as 20nm-size grains in a sintered ceramic) during large-angle tilting experiments 
in an analytical electron microscope. These tasks can be most easily accomplished if 
the observer views the shadow image of the specimen area of interest in the direct beam 
disk of a CBED pattern, while observing the CBED pattern itself on the final viewing 
screen. 

A shadow image is formed in a CBED pattern by a change in the current in the probe- 
forming lens from the focused-probe value for diffraction (magnification infinite) to a 
greater or smaller value, so that the incident probe is no longer focused on the speci- 
men; a real space shadow image then becomes visible in the Bragg disks of the diffraction 
pattern. The magnification of the shadow image depends on the current in the probe-form- 
ing lens. An example is shown in Fig. 4. The TEM micrograph shows a portion of cellular 
colony formed behind a high-angle grain boundary that migrated during an aging treatment 
to form Lly long-range order in an Fe-Co-V alloy. The boundary migration direction is 
indicated by the arrow. The colony is eamposed of long range ordered matrix, intrinsic 
stacking faults, and VC carbide particles. The CBED shadow images were formed by de- 
focusing of the second condenser lens in a TEM/STEM analytical microscope. The corres- 
pondence between the normal image and the shadow images is obvious. In the lower magni- 
fication shadow images only the colony is in contrast in the diffracted beams, and not 
the grain ahead of the advancing boundary. The shadow images in the diffracted beams are 
dark~field images, and show clearly that the systematic row of reflections originated 
within the colony and not in the grain ahead of the migrating boundary. Shadow images 
are also the most direct and simplest method for accurately aligning the incident probe 
on a defect, or on a microstructural feature for chemical analysis. The practice of fo- 
cusing the incident probe on an image feature and then switching the microscope to dif- 
fraction mode is strongly discouraged, because in many microscopes the probe changes po- 
sition on the specimen when one switches from image to diffraction mode. When small mi- 
crostructural features are of interest such probe movement can be a serious problem. 


FIG. 4.--Correspondence between TEM image and CBED shadow images of increasing magnifi- 
cation: (a) TEM image, region of interest for CBED marked A. (See text for specimen de- 
tails.) (b) Low magnification CBED shadow image. (c) Increased magnification CBED 


shadow image. (d) Focused CBED pattern on ‘region A. Row of systematic diffraction spots 
is [hhh] type. 100 keV. (Figure continued on next page.) 
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Fig. 4 (Cont'd) 
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Digital Image and Data Processing Techniques 


DIGITAL IMAGE PROCESSING AND THE ELECTRON MICROSCOPE IMAGE 
K. R. Castleman and R. Nathan 


Computer processing techniques have been applied to images from a variety of sources and 
for many diverse reasons in the last two decades. It is only in the past few years, how- 
ever, that the electron microscope image has been receiving its fair share of attention 
in this field. In this paper we examine some of the processing techniques that have 
proved useful in digital image analysis, some of the applications where image processing 
has been helpful, and some of the special problems presented by TEM and SEM images. 

We shall consider two classes of image processing techniques, image restoration and 
pattern recognition. Digital image restoration is an activity aimed at improving the 
quality of an image that has been unavoidably degraded, usually by noise and distortion 
in the imaging and image recording systems. Pattern recognition involves finding, mea- 
suring, and identifying the objects in an image. 

A classic example of digital image restoration is shown in Fig. 1. An image returned 
from the Surveyor spacecraft on the lunar surface was restored by the process of deconvo- 
lution./ This is a linear filtering (convolution) technique that compensates for the mod- 
ulation transfer function. It is limited, however, by noise considerations to resolution 
increases typically of the order of two. Deconvolution has approximately doubled the res- 
olution of the image in Fig. 1, although the reproduction process partially masks this 
difference. 

Linear filtering techniques can also be used to reduce the noise level in an image. 
The Wiener (minimum mean equal error) filter! is commonly used, but other approaches are 
also useful.2 Noise reduction and the enhancement of fine detail usually work at cross 
purposes because the signal-to-noise ratio is usually lowest at the high spatial fre- 
quencies involved. 

Figure 2 shows an example of high-resolution electron microscope image synthesis in 
which a digitally implemented synthetic aperture technique is used.3’* The electron dif- 
fraction pattern of the organic crystal indanthrene olive was recorded in a series of 
off-axis dark-field images. The Fourier transform was used to produce the image of the 
(periodic) crystal structure with about 1A resolution. 

Another EM image restoration example appears in Fig. 3. The image of a damaged speci- 
men of a catalace crystal was divided into unit cells spanning one period. The unit cells 
were averaged together and the result replicated to form the restored image.°?® 

Pattern recognition involves finding objects in an image and assigning each to one of 
several preestablished classes.!’’ The three steps in the process are (1) image segmen- 
tation--finding the boundaries that separate the objects from the background, (2) feature 
extraction--making a set of measurements on each object, and (3) classification--assigning 
each object to one of the classes based on the values of its measurements. Image segmen- 
tation can be approached in two ways. Once can seek to find the boundaries directly, for 
example by following a line through the areas where the brightness is changing most rapidly 
(maximum gradient magnitude). The other approach is to examine each picture point and de- 
termine whether it is an interior or background point. The objects are then regions con- 
taining only interior points. 

A variety of size, shape, and texture measures have been used on digital images. 
Experience shows the importance of well-calibrated and accurately implemented measurements 
is quite important, but highly complex measures seldom outperform simpler and more straight- 
forward ones. Classification of each object is done strictly on the basis of its measure- 
ments. Techniques’ from statistical decision theory are used!’’ and performance is commonly 
specified by misclassification error rates. 
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FIG, 1.--Digital image restoration by deconvolution approximately doubles resolution. 


FIG, 2,--Digitally implemented synthetic aperture technique used for EM image synthesis. 


FIG. 3.--Image restoration by replication of crystal cells averaged over several periods, 
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Pattern recognition has seen considerable application to light-microscope images. 
Commercially available white blood cell differential counters use it. Clinical proto- 
types for automated chromosome analysis! (Fig. 4) and automated muscle biopsy analysis® 


(Fig. 5) have been developed. Work is in progress on automated Pap smear analysis and 
a variety of other topics. 
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FIG. 4.--The 46 chromosomes from a human white blood cell (left) have been located, 
oriented, measured, and classified by a computer program and arranged in the standard 
"karyotype" format (right). 


FIG. 5.--A histochemically prepared muscle tissue section from the light microscope (left) 
has had the individual fibers located, measured and outlined (right). 
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Both TEM and SEM images possess characteristics that pose special problems not en- 
countered in light microscope images. Biological specimens are commonly stained with a 
heavy metal to make them visible in high-resolution electron microscopy. This method 
combines with film grain, phosphor grain, and image sensor noise to produce digitized 
images that can be quite grainy. This inherent high-frequency noise limits the effec- 
tiveness of image enhancement or restoration efforts, and complicates the process of 
image segmentation. The characteristic surface visualization format of SEM images makes 
them more complex to process digitally. A cell that appears as a black circle on a white 
background in the light microscope might show up in the SEM as gray on gray with a high- 
light on one side and a shadow on the other. Such images require image segmentation 
algorithms more sophisticated than those commonly employed in light-microscope work. 

These EM-specific problems present an interesting challenge to the algorithm design- 
er. As more attention is focused on these problems we can expect to see many successful 
applications of digital processing to electron microscope images. 
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APPLICATIONS OF SEM-BASED AUTOMATIC IMAGE ANALYSIS 
R. J. Lee and J. F. Kelly 


Computer-controlled scanning electron microscopy (CCSEM) is a rapidly evolving techno- 
logy. Three factors are responsible: (1) the advent of high-speed minicomputers and 
associated electronics is making computer control easier and less expensive; (2) the 
serial mode of collecting image information used in the SEM makes the instrument readily 
amenable to computer control of the production, recording, and analysis of signals; and 
(3) the variety of signals available in the SEM enhance the potential usefulness of com- 
puter-controlled instruments.!?2 In this paper, we briefly summarize the uses of compu- 
ter control of microscopes, compare several approaches to automatic image analysis (AIA) 
in the SEM, and review the current applications of AIA in materials science. 


Computer-controlled Microscopy 


The primary advantages of programmable control vs hardwired control lies in the flexi- 
bility and potential for interactive operation. For specific applications that do not 
require flexibility most computer-controlled functions could be done equally well and 
faster with hardwired circuits.27" 

Four general areas of computer-controlled microscopy are emerging. First, computers 
are being used for automatic setting and optimization of instrumental parameters such as 
accelerating voltage, magnification, and focus.° Monitoring of the optimal values in 
real time can in turn be used to derive information about the sample. For example, moni- 
toring changes in focus can be used to measure microtopography or surface roughness. 

Second, the production of predetermined patterns on electron sensitive materials 
forms the basis for microfabrication or electron-beam lithography. In this highly de- 
veloped area, the use of computers is essential to producing the desired patteérn.? 

Third, every electron microscope image has some degradation resulting from system 
noise. Often significant improvements in resolution or contrast can be achieved by image 
enhancement or restoration techniques. In this case, the computer serves two purposes. 
It is used to correlate beam position with the signal at a given point, and to perform 
the desired transformations on the digitized image.?’?7 

Fourth, computer control of the beam is used to extract textural, geometric, or com- 
positional data from the image. This use is termed automatic image analysis (AIA). In 
the past "image analysis" has referred to the characterization of geometric parameters 
such as feature size and shape. As computer control of the SEM develops, "image analysis" 
will logically come to include quantitative analysis of the variations in any or all the 
available signals in the SEM. Currently, there are two approaches to SEM-based AIA, as 
follows: 


1. Gray level digitizing of the stgnal at each pteture potnt and storage of the com- 
plete digitized image.'! In this approach the size and shape of features are obtained by 
means of either "on-line" or "off-line" computers.!’® This type of image reconstruction 
closely parallels the approach of hardwired image analyzers used on optical microscopes. 
Its limitations lie in the large storage required for the image data, which restricts the 
number of picture points analyzed and thus decreases the speed of the analysis. A sig- 
nificant advantage of this approach is the sophistication of the algorithms used in the 
analysis. For example, Dixon has used a skeletonization process to extract and measure 
low-contrast image features such as asbestos fibers,® and Ekelund has developed a histo- 
gram method for defining a local threshold.2 These methods improve the resolution and 
detection of image features. Lebiedzik et al. have used a novel variant of this method 
to measure microtopography and derive surface-roughness parameters. ! 

2. Binary coding of the image by use of an analog comparator to define a threshold 
level. Picture-points with signals above the threshold are considered "“on-points" (points 
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on a feature). All other points are considered "off-points" and ignored. Several meth- 
ods have been used to extract geometrical data.!!~13 In one, the edge coordinates of 
features are stored and used to derive the perimeter, area, and shape factors.!3 In 
another, first introduced by LeMont Scientific, a dual picture-point density is used to 
separate the analysis into "search" and "analyze" modes. A low point density is used 
until the status of the analog comparator indicates the beam is on a particle or fea- 
ture. A high point density is then used to measure the dimension of the feature.!1?!4 
Only the feature dimensions and centroid are stored. This approach is the fastest and 
requires the least storage area. However, it suffers from the disadvantage that the 
area and perimeter of features are inferred, rather than directly measured, as is the 
case in the preceding approaches. 


Each approach to extracting image information has merit; the method used should re- 
flect the type of information required. At U.S. Steel Research Laboratory we are pri- 
marily interested in materials applications and in correlating microscopic observations 
with macroscopic properties. Thus, the size/shape/composition distributions and the 
relative abundance of different chemical species are of most interest. In order to pro- 
duce such data, we interfaced a LeMont Scientific digital beam-control system with a 
Tracor Northern 4000 energy dispersive spectrometer (EDS). Software was developed to 
classify features on the basis of relative x-ray peak intensity. Thus, we are able to 
take advantage of the reproducibility of EDS spectra to develop a "pattern recognition" 
capability in AIA companarie to that used by knowledgable microscopists in identifying 
individual features. 


Applicattons 


The AIA methods developed in our laboratory and elsewhere have a wide range of appli- 
cations. In the following, we summarize the applications reported to date and provide 
some illustrative results. The details of these applications are described in the refer- 
ences. 


Coal. The size and relative abundance of included minerals in coal are significant 
factors in determining the behavior of a particular coal during combustion, carboniza- 
tion, or gasification. Bulk measurements can be used to infer the relative abundance 
of minerals in coal but size data have been difficult to obtain. AIA has been used to 
measure quantitatively the average mineral content in coals! and to measure the pro- 
jected size distribution of mineral grains in polished coal samples. +6 These measure- 
ments are in good agreement with bulk chemistry data and provide direct identification 
of the individual mineral species as well. AIA results on coal samples spiked with known 
quantities of individual minerals indicate the technique can be considered quantitative.!7 


Quantitative Metallography. Second-phase particles have an important effect on mech- 
anical properties of steels and other metals. A measurement of volume fraction and size 
distribution of such particles can be obtained by optical techniques, but the resolution 
is limited and chemical data are not available. An extensive amount of work has been 
done with SEM-based AIA to study the effects of size, shape, composition, and number of 
inclusions on mechanical properties, corrosion resistance, and weld strength.°?18 

Other AIA studies on steel samples have measured precipitate growth as a function of 
heat treatment; characterized the effect of rare-earth additions on the development and 
Sas of MnS inclusions; and studied the deformation of MnS inclusions during hot roll- 
ing. 

Metallographic studies are especially valuable in that the precision and reproduci- 
bility of SEM-based AIA over a range of instrumental and software parameters can be easily 
compared with the results of optical image analysis.1®?29 Such a comparison is shown in 
Table 1. The AIA and optical results agree well and are highly reproducible. The range 
of the area percent data reflects inhomogeneity in the inclusion distribution. 


Ore Evaluatton. Processing of ore generally requires some type of beneficiation pro- 
cedure to remove accessory minerals. In the past, evaluations of the effectiveness of 
such treatments have been performed by optical microscopy or by bulk chemical techniques. 
However, the optical methods are tedious, and (when opaque minerals are involved) unreli- 
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able. SEM-based AIA has been used successfully to measure the liberation of minerals as 
a function of the degree of grinding. !4 We have been measuring the relative abundance 
of specific minerals in rutile-bearing sands. In the Fe-Ti solid solution series, ru- 
tile, leucoxene, and ilmenite are very difficult to resolve optically, but readily sep- 
arable on the basis of the Fe/Ti ratio. 


TABLE 1.--Comparison of SEM-based AIA and optical QTM analysis of all inclusions in four 
low-carbon steels. 


QTM AIA 
Mean* | Range* Range* 
-036 .028 - .048 -026 - .036 
-040 -034 - .052 -030 - .054 
-078 -075 - .086 -060 - .090 
-010 -080 - .012 -090 - .O11 


*Area percent. 


Envtronmental. SEM-based AIA allows direct measurement of the relative abundance and 
size distribution of airborne particles when collected on suitable filter media. By 

a comparison of these data with the analysis of reference samples characterizing local 
emission sources such as automobiles, plant and public roads, coal-fired boilers, and 
industrial processes, one can calculate the contribution of individual sources.2!°42 

This area is in its infancy but promises to play a major role in the development of cost- 
effective air-pollution control strategies, and (through source characterization) mea- 
surement of the effectiveness of dust control devices. 


Powders. Numerous industrial processes use powder technologies, and the reliable 
characterization of the size distribution of these materials is often required. Here, 
SEM-based AIA is most effective in obtaining particle size distributions below the nor- 
mal sieving range, and for comparison with alternative methods such as coulter counters 
or cyclones. 


In summary, the applications of automatic image analysis include the traditional 
areas of scanning microscopy and offer the potential for new areas of use as well. In 
each, the AIA procedures are most effective when used to define the image features on 
which to perform more detailed microscopic observations. Then AIA can provide a quanti- 
tative link between’microscopic and macroscopic data. 
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3 
Low-loss Imaging Techniques with Solid Specimens in the SEM 


SIMPLIFIED MODEL FOR THE SCATTERING OF LOW-LOSS ELECTRONS FROM AN AMORPHOUS OR SINGLE- 
CRYSTAL SOLID TARGET IN THE SCANNING ELECTRON MICROSCOPE 


Oliver C. Wells 


Low-loss electrons (LLE) are those which have been scattered from a solid target in the 
scanning electron microscope (SEM) with an energy loss that is typically less than 1% of 
the initial energy. They can be collected in the forward scattering direction to form 

a low-loss image by the use of a retarding field energy filter.!~® 

The low-loss image from a solid specimen in the SEM is approximately the reciprocal 
of the reflection image in the transmission electron microscope (REM) and the images ob- 
tained by the two methods have many features in common.? Hojlund Nielsen and Cowley’ and 
Osakabe et al.® obtained REM images from single-crystal samples with a nearly grazing 
angle of incidence by selecting a diffracted beam and focusing it to form a topographic 
image. The arrangement of the specimen for high-resolution reflection electron micro- 
scopy in the high-field region of a condenser-objective lens used by Osakabe et al.® is 
the same (except for the reversal of the ray paths) as it is for the high-resolution low- 
loss method described by Wells, Broers, and Bremer.© The REM has the advantage of allow- 
ing simultaneous topographic and diffraction studies.® The deflection angle of the elec- 
trons in the specimen during diffraction studies is, however, limited to a low value by 
the fact that Bragg reflections cannot occur through wide angles because of thermal vi- 
brations in the crystal.? In the low-loss method the glancing angle of incidence can be 
30-45°. The low-loss electrons are collected over a large solid angle. Electron chan- 
neling contrast then arises as a result of changes in the angle between the incident beam 
and the lattice planes in the sample.? Fine structure in the angular distribution of the 
low-loss electrons from a single crystal sample (Kikuchi lines) is unlikely to affect the 
image because of the large collector solid angle, although the general position of the de- 
tector is certainly important (see, for example, Fig. 14 in Ref. 5). A similar relation- 
ship between the transmission electron microscope (in which diffraction contrast is im- 
portant) cane the STEM (which is advantageous for dark-field work) was pointed out by 
Cowley. 

This paper contains the derivation of a simple mathematical expression for the angu- 
lar distribution of LLE in the plane of incidence from an amorphous target which is as 
accurate for all practical purposes as a much more complicated integral expression that 
was published previously. ? This theory is then extended to calculate the image contrast 
at a small step in an otherwise flat surface. This analysis applies to the case of an 
amorphous specimen of uniform composition (and not one that is covered with a very thin 
surface layer of a heavy metal, for example). The application of this theory to a single- 
crystal specimen is then discussed. 


Simplified Low-loss Electron Scattering Model. A comparison between the calculated 
and the measured angular distribution of low-loss electrons from an amorphous target is 
shown in Fig. 1. The full line in Fig. 1 was calculated on the basis of the low-loss 
electron scattering model?~* shown in Fig. 2. Here, it is assumed that the incident elec- 
trons penetrate straight into the specimen along the line AB losing energy at a constant 
rate and with a certain probability dz per unit length of being scattered through the an- 
gle $ into the collector solid angle d2 by a single Rutherford wide-angle scattering event. 
The total path length AB + BC must be smaller than some value Lyax so that the energy that 
is lost by the scattered electrons does not exceed some value E,9s55 determined by the en- 
ergy filter. This imposes an upper limit of AB,,x on the distance along AB from which 
low-loss scattering can occur. The glancing angle of incidence 6, and the takeoff angle 
85 are also shown in Fig. 2. 


The author is at the IBM Watson Research Center, Box 218, Yorktown Heights, NY 10598. 
The aid of A. N. Broers and W. Krakow through discussions of the low-loss imaging of 


single-crystal specimens is gratefully acknowledged. 
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FIG. 1.--Comparison between the calcu- 

lated angular distribution (full line) 

and measures values (bars) for low-loss FIG, 2.--Simplified model for low-loss scat- 
electron scattering from amorphous Si0>. tering from a flat amorphous target. 

The measured values were increased by 6% 

to improve the fit.* 


Magnttude of Ima,. If the maximum permitted energy loss Eloss iS greater than a few 
tens of eV, then Lpax is given by the continuous slowing-down approximation as 


o dE 
max loss ds 


Lb (1) 


Foe. 


where (dE/ds)pethe is the rate of energy loss as derived from Bethe's equation. If Floss 
is smaller than a few tens of eV, then a lower limit is imposed on Lyx by the mean free 
path between inelastic scattering events in the specimen. ° 


Angular Distrtbutton of Low-loss Electrons. The scattering probability dnjow-loss 
for a LLE into the collector solid angle dQ for given values of 6, and 65 is given as de- 
scribed above by the product of ABmax and dz: 


Oni Guedes : PR oe & (2) 


dz =n do a9 (3) 


where 


ABnax (cm) is the value of AB in Fig. 2 for which AB + BC = Lmax 

Imax (cm) is the average penetration distance in the specimen required to lose the 
specified energy loss 

dz (cm7!) is the scattering probability per unit length along AB through the angle 6 
into the collector solid angle dQ 

n is the number of atoms per cm? 

do/d2 (cm*/sterad-atom) is the differential scattering cross section for a deflection 9 
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d2 (sterad) is the solid angle of the collector which is assumed to be small 


From the geometry of Fig. 2 it can be calculated that 


sin Oo 


AB ax - bax Sin 8; + sin 65 (cm) (4) 


This quantity is zero when 8) = 0, and rises to a maximum when 65 = 90°. 
For a deflection greater than about 15° and for energies greater than 15 keV it is 
acceptable to assume an unscreened Rutherford scattering cross section: 


2 
< = cosec? . (cm? /sterad-atom) (S) 


where d (cm) is the distance of closest approach of the incident electron to the scat- 
tering nucleus, given nonrelativistically by 


d* = 2.06 x 10°14 22/E,2 (cm?) (6) 


where Z is the atomic number of the scattering atom and Eg(eV) is the incident electron 
energy. 

The probability that an incident electron will be scattered into the small collector 
solid angle dQ is therefore given by: 


dn = 1,29 x 1071s, Ze F(6,, @0) da (7) 
low-loss max , 2 l> “2 
0 
sin 85 (6); + 99) 
where F(9,, 82) = cosec? ae (8) 


Sin 6; + sin 09 


For a given value of 6) the angular distribution of low-loss electrons in the plane 
of the diagram in Fig. 2 is therefore given by F(@,, 9.). The shape of the curve obtained 
when one plots F(6], 9) for 6, = 30° agrees within the width of the line shown in Fig. 1, 
which was calculated from a much more cumbersome mathematical expression. °’* 


Surface Step. The case of a surface step of height h which occurs between A and C is 
shown in Fig. 3(a). This case may be analyzed as follows: From the geometry of the fig- 
ure it can be calculated that the value ABstep from which scattering can occur when the 
step is present is related to the value AB ,, step for a flat surface by the equation: 


AB t h 

Sd meee (ae eee (9) 
B L sin 95 
no step max 


The dependence of the low-loss signal on the beam position in the case of a step of 
height h is therefore as shown in Fig. 3(b). For a fixed value of 65 the low-loss signal 
is increased by the ratio ABstep/ABno step aS long as the step occurs anywhere between A 
and C. This relationship gives rise to a band of contrast of width W asymmetrically lo- 
cated relative to the surface step, where 


sin 03 sin (64 + 85) 


W= lnax sin 0; + sin 67 an 


For a low takeoff angle 6) the percentage increase is largest, but the width of the 
band in the image over which the scattering is enhanced is also increased. An example is 
as follows. For Al at 15 kV a lower limit? of 205 A is imposed on Lmax by the mean free 
path between inelastic scattering events.!! If 6, = 30° then the peak of the angular dis- 
tribution curve as calculated from Eq. (8) occurs at 8) = 7.75°. For a step height of 
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10 A and with this value of 8, ABstep/ABno step = 1.36 from 
Eq. (9). This step therefore appears in the image as a band 
of width 100 A (from Eq. 10) having a 36% increase (or de- 
crease) in the collected signal. For a 2A step in gold in- 
aged at 60 kV (Lyax = 430A)!1 and with 6; = 30° the calcu- 
lated line width and image contrast are 200 A and 3.4%. This 
example illustrates the values of image contrast that are to 
be expected in the low-loss image from a small surface step. 


Surface Steps on a Single-crystal Spectmen. lLow-loss im- 
ages from single-crystal samples were published as Figs. 7.1(b) 
and 7.10(c-f) in Wells et al.? Topographic contrasts are es- 
sentially the same as for an amorphous sample. However, ad- 
ditional strong electron channeling contrasts are caused by 
variations in the angle between the incident electrons and 
the lattice planes. These contrasts are similar (although 
stronger) than the crystalline contrasts reported by Phili- 
bert and Tixier./* Topographic contrast at surface steps 
(Fig. 7.lb in Ref. 3) is not affected in any obvious way by 
electron channeling contrast. Channeling contrast caused by 
imperfect regions in the crystal reversed as the sample is 
tilted through the Bragg condition for the incident beam (Figs. 
7.10 c-f in Ref. 3). 

Two main lines of work have emerged with reference to the 
low-loss imaging of single-crystal samples. Electron chan- 
neling contrast caused by crystal defects is discussed in con- 
siderable detail by Morin et al.13°1!4 Here, the contrast of 

interest reverses as the sample is tilted through the Bragg 
—| w 


condition. High-resolution low-loss studies of the surfaces 
of single crystal metal films have been reported by Krakow and 
Broers./° During this work the question arose whether single 
atomic steps should be visible in the low-loss image. Krakow 


m has pointed out that the above calculation of the contrast at 
FIG. 3.--(a) Low-loss a surface step should also apply if the specimen is a single 
scattering from a flat crystal. If that is the case then it is to be expected that 
surface having a step a single atomic step should be detectable by the low-loss 
of height h; (b) signal method. The applicability of this calculation to the single- 
as a function of beam crystal case follows from the conclusion reached by Hall and 
position. Hirsch’ that because of thermal vibrations the wide-angle 

scattering of electrons from a single crystal "...is effec- 

tively Rutherford scattering, as usually assumed." In addition, they also pointed out 
that the wide-angle scattering probability is "...considerably enhanced or decreased de- 
pending on the type of Bloch wave excited.'' These conclusions all agree with the observa- 


tion that the low-loss image from a single-crystal specimen appears to be essentially the 
same as for an amorphous sample except for the addition of electron channeling contrast. 
Specifically, it is to be expected that the contrast at a surface step calculated from 
Eq. (9) above should apply to a single-crystal as well as to an amorphous sample. 
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APPLICATION OF ELECTRON CHANNELING CONTRAST WITH LOW-LOSS BACKSCATTERED ELECTRON 
DETECTION TO THE OBSERVATION OF CRYSTALLINE DEFECTS IN SOLID MATERIALS 


P. Morin and M. Pitaval 


Electron channeling by atomic planes, which gives channeling patterns in SEM, is shown 
here to give the possibility to observe crystalline defects on solid specimens. Elec- 
tron channeling patterns (ECP) are obtained when the incidence of a parallel beam changes 
at the surface of a crystal; the backscattering coefficient is modified near the Bragg 
direction.+ The dislocation images occur when a beam in the Bragg direction scans a de- 
fect at the surface of the crystal. At high magnification the beam stays parallel to it- 
self, but owing to the local modification of the crystallographic planes near the defect, 
the incident beam does not stay in the Bragg position and the backscattering coefficient 
changes.2 The contrasts of ECP and defect images are highly increased if only low-loss 
electrons are detected *°*; an energy filter must be used to observe individual defects. 
The beam diameter and the illumination angle must be small; the high-brightness beam of 
a field-emission gun is needed.° The images of defects are very sensitive to the condi- 
tions of observation, the influence of the diffracting conditions, the beam parameters, 
the tilt angle of the specimen, and the energy losses. We show that this technique al- 
lows to determine the Burgers' vector of dislocations and the orientation of microtwins. 


Observation of Dislocattons 


Diffracting Condittons. To display a dislocation, the beam must be in the Bragg po- 
sition. Reflecting conditions are determined with ECP on selected area by the rocking- 
beam method.© The specimen is oriented with an accurate goniometer stage. Let g be the 
reciprocal lattice vector corresponding to the Bragg position; as in transmission elec- 
tron microscopy, the contrast of a dislocation depends on the orientation of g with re- 
spect to R, the atomic displacement near the core of the dislocation. The contrast is 
maximum when g is parallel to R and minimum when g is normal to R.? An example of dis- 
locations observed in plastically deformed silicon is shown on Fig. 1. The lower part of 
the dislocation D is a 60° dislocation lying along the [101] direction in the (111) slip 
plane with a Burgers' vector a/2 [110]: 


e for g = 220, Fig. l(a), (g . b) = + 
e for g = 220, Fig. 1(b), (g . b) 
e for g = 220, Fig. l(c), (g . b) 


Influence of Ttlt Angle and Energy Losses. (a) Experimental Procedure. lLow-loss elec- 
trons are selected by a retarding field filter. Two spherical grids are centred on the ob- 
ject with a large collection angle (45°). The electrons are detected by a scintillator. 
The photomultiplier output is connected either to the video preamplifier for specimen im- 
aging, or to the discriminator amplifier of a photon counting system to measure the abso- 
lute value of the detected current. The maximum count rate corresponds to 10°}!4 A, 

A silicon monocrystal with a (111) surface is oriented to have the (202) planes normal 
to the tilt axis. Intensity profiles of the 202 band of the ECP were recorded with a 20s 
line scan for three tilt angles (55°, 70°, 80°) and for various widths AV of the filter 
window. The value of the contrast, defined as Al/I,.4n, was measured on the recorded pro- 
files, where AI is the variation of the video signal and Inga, its mean value. The con- 
trast is positive when the band has an intensity higher than Inea,, and negative when the 
contrast of the band is reversed, which occurs for high tilt angles. 


2, a maximum contrast occurs; 
- 2, the black and white contrast is reversed; 
0, a minimum contrast of dislocation D is observed. 


it oil 


The authors are at the CNRS Department of Materials Physics of the University of 
Lyons, 69621 Villeurbanne, France. 
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(a) 


(b) 


(c) 


FIG. 1.--Dislocations in a (111) glide 
plane in deformed silicon: b is Burgers' 
vector of dislocation D, g is reciprocal 
lattice vector of excited reflection; (a) 
gb = + 2, maximum contrast for D; (b) gb 
= - 2, reversal contrast; (c) gb = 0, mini- 


mum contrast for D and maximum contrast for 


most the other dislocations. 
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(b) Dtseusston of results. To explain 
these results, a theoretical model has been 
developed (to be published in detail else- 
where). The primary electrons in the matter 
are described in three successive steps. 


1. The primary electrons are elastically 
scattered by the periodic potential. They 
are described by a transmitted and a dif- 
fracted beam with the two-wave approximation 
of the dynamic theory. At the depth z, yp(z) 
is the wave function of these electrons. 

2. The electrons are then inelastically 
scattered from the diffracted and transmitted 
beams. Let o(@, ¢) be the differential cross 
section where 6 and $ are respectively the 
polar and the azimuthal angles; o includes 
phonons, plasmons, and individual excitations. 

3. These electrons are then treated un- 
til they escape through the surface with a 
Monte Carlo calculation. They have a prob- 
ability F(8, 9, z, AV, a) to be detected by 
a filter with a width window AV when they 
are scattered towards the (6, ¢) direction 
at the depth z and for a tilt angle a. 


The detected intensity I for a window- 
filter width AV and a given incidence can be 
calculated from 


P=-IIF 1[p(z)|* o65 6) FO). bs. 25 AVS. &) 
dz de dd 


The dependence of I on the deviation 
from the (220) Bragg direction gives the con- 
trast of the 220 band. The dependence of 
this contrast on the width AV is shown in 
Fig. 2 for three tilt angles (55°, 70°, 80°). 

At high tilt angle (80°) and with a large 
filtering window (AV = 5 kV), the contrast of 
the 220 band is reversed. This effect can be 
explained as follows. The inelastic scatter- 
ing from Bloch waves occurs nearer the sur- 
face inside the band than outside the band, 
owing to the anomalous absorption effect. 
For 55° tilt angle, the detection probability 
F(@, z) (Fig. 3) decreases when z increases, 
so that the band occurs white. For 80° tilt 
angle, F(@, z) increases with z except for 6 
angles towards the filter entrance, but the 
scattering cross section of the electrons in 
this direction is very low and the contribu- 
tion of these electrons is weak. The detec- 
tion probability is lower for electrons scat- 
tered near the surface than for those scat- 
tered in deeper layers, so that the band is 
black and the contrast is reversed. The ex- 
perimental and calculated values of AV at 
which the contrast reverses are respectively 


AV = 1.26 and 1.56 kV. 


The experimental and calculated ratios 


of the mean detected current to the beam 
current are also in good agreement, as 
shown in Fig. 4 for 55° tilt angle. The 
theoretical and experimental values are 
fitted by a straight line. 

These results show that the contrast 
increases when the tilt angle and the 
width of the filter window decrease, but 
the mean detected current is lowered and 
the statistical noise has a higher value. 
From these results a compromise can be 
found for AV and the tilt angle to have 
the best signal-to-noise ratio. 


Influence of beam parameters. This 
study has been developed elsewhere.’ It 
is briefly summed up here. 


e In the ECP mode, with a parallel 
beam, the intensity varies from a maximum 
to a minimum when the orientation is mod- 
ified by 8 = 1/gE93 around the Bragg 
angle corresponding to gé, is the extinc- 
tion distance (with our experimental con- 
ditions 6) = 3.7 x 107% rad). 


incident beam ——- 


a ~~ 


“ya 


—--Bloch waves 


‘\. Monte Carlo 7 
\ calculation” 


FIG. 3.--Detection probability for elec- 
trons leaving the Bloch waves at the Z 


depth with the 6 angle: (a) configuration, 


(b) tilt angle: o = 55". (Ce). 0 = 980". 


_-inelastical scattering 


100% 


Contrasts 


FIG. 2.--Experimental and calculated con- 
trasts as function of width of filter window. 
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e In standard SEM mode, the illumina- 
tion angle has a similar value, so the 
contrast is strongly affected by the 
choice of the illumination angle, which 
is determined by the objective aperture. 
As the beam convergence decreases, the 
contrast increases but the beam inten- 
Sity decreases and the statistical noise 
has a higher value; moreover, the beam 
diameter depends itself on the objective 
aperture. These three beam parameters 
must be taken into account in the choice 
of the illumination angle. 


10-2 
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It has been found from this study 


10-4 ; ; ; . 2 
that for imaging dislocations, experi- 
| [ | mental conditions must be very critically 
Ie 208 ee a ane choosen. These choices result from com- 


promise between the amplitude of the con- 
trast and the mean value of the detected 
current to obtain the highest signal-to- 
noise ratio. Typically, to observe dis- 
locations on a (111) surface of silicon 
crystal, we use a 150um objective aperture, a width of filtering window equal to 600 V, 
and a tilt angle of about 55°. If the dislocations are far away below the surface it may 
become necessary to widen the filter window up to 1000 V. In silicon the maximum depth 
explored is about 100 nm. 


FIG. 4.--Ratio of mean detected current to 
beam current as a function of filter window 
width. 


Observatton of Microtwtns 


The crystalline contrast permits the observation of grains on a polycrystalline sam- 
ple.’ This contrast corresponds to the excitation of an ECP band when a grain is scanned 
by the beam: when backscattered electrons are detected, this grain is brighter than other 
grains that are not oriented for the excitation of an ECP band. This contrast might per- 
mit the observation of twins.°’? However, the microtwins shown in Fig. 5 are too thin to 
be imaged with unfiltered backscattered electrons because of poor resolution and low con- 
trast. Thus just as for dislocations imaging, these observations need detection of low- 
loss electrons. These microtwins are observed on an epitaxially grown silicon layer on 
a (1012) oriented sapphire substrate. The silicon layer is 600 nm thick; its surface is 
(001) oriented. Four microtwinning systems occurs corresponding to the four (111) type 
planes. For Fig. 5(a), the specimen was oriented to display the center of the [111] pole 
in ECP mode; (111) twinning planes intersect the surface along the [110] direction. These 
microtwins have a [511] type axis parallel to the incidence direction, fewer electrons are 
backscattered than for (111) pole, and the twins have a black contrast. In Fig. 5(b), the 
specimen is oriented for the beam impiging along the [212] axis of the matrix and (010) 
axis of the microtwins which have their twinning axis along the (111) direction. The 202 
band is excited for both the matrix and these microtwins. The incidence corresponds to 
the center of the band. More electrons are scattered by the microtwins, which appear 
brighter than the matrix. 

By a tilt of a few degrees, the incidence is varied to correspond at the side band, 
the 202 planes are in Bragg position (Fig. 5c), and a network of inclined misfit disloca- 
tions become visible. 


ConeLluston 


Crystalline defects can be characterized by this method (determination of Burgers’ 
vector for dislocations, orientation of microtwins, etc.). Although the resolution is at 
present lower than in transmission electron microscopy, we now have a new method of detect- 
ing crystalline defects in solid specimens. 
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This technique thus presents new possi- 
bilities: 

e when thinning of a specimen is diffi- 
cult or may modify specimen properties; 

e for samples with large sizes--a non- 
| destructive method that permits observation 
of the entire surface; 
@ in an MEB, the specimen is out of the 
® magnetic field of the polepieces of the ob- 
(a jective lens; is easily accessible, and may 
be available simultaneously for other charac- 
terizations (Auger spectroscopy, EBIC, cath- 
odoluminescence, dispersive x-ray analysis). 
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FIG, 5.--Microtwins in epitaxial silicon 
on sapphire substrate: (a) beam along 
[111] matrix zone axis, (b) beam along 
[212] axis, (c) beam in Bragg position 
for (202) planes. 
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ELECTRON CHANNELING PATTERN (ECP) CONTRAST IN THE SCANNING ELECTRON MICROSCOPE (SEM) 
FROM ION-BOMBARDED GARNET SAMPLES 


0. Cy Wells. Ry. J. Savoy and Dy FF. Kyser 


Ion bombardment is used to change the magnetic properties of garnet films for bubble ap- 
plications.! Electron channeling pattern (ECP) contrast provides a way by which local 
variations in the etye tae properties of a specimen can be studied in the scanning elec- 
tron microscope (SEM).2-° This paper describes the use of ECP contrast in the SEM as a 
means for studying the geometry of the ion-bombarded regions in garnet films. The back- 
scattered-electron (BSE) image was used in this work as being less susceptible to speci- 
men charging and contamination effects than is the secondary-electron image. 

Two samples were used in this work. Sample 1 was a (111) large-area single crystal 
Gd3Gas0,,(GGG) garnet substrate. Sample 2 was as Sample 1 but with a 1-2um epitaxially 
grown layer of doped garnet which had been ion-bombarded over the whole surface except 
for certain small regions protected with photoresist, which had then been removed. 

The samples were first coated with 100-200 A of carbon to prevent charging. The 
thickness was judged by previous experience and was checked by measurement for a detect- 
able conductivity with an ohmeter. In a secondary-electron image obtained from such a 
sample (Fig. la), the surface details are almost completely obscured by contamination 
caused by the raster scan (dark rectangles) and by charging effects (horizontal streaks). 
(Specimens processed with photoresist are sometimes more susceptible to contamination ef- 
fects in the SEM than unprocessed samples.) The BSE image from the same field of view 
(obtained with the BSE detector in the "high" position as described below) is shown in 
Fig. 1(b). Here, the charging and contamination effects are absent. The same surface 
particles and surface scratches can be seen in Fig. l(b) as in Fig. l(a). A series of 
radial stripes (the regions that were not ion bombarded) are also seen in EAS 1(b). 
These stripes were investigated as follows. 


(a) | (b) 


FIG. 1,.-~Comparison between (a) secondary electron image and (b) BSE image of carbon- 
coated garnet sample. Eg = 15 kV, 8; = 68°. BSE detector was in "high" position shown 
in Fig. 2. Horizontal field of view measures 225 um from left to right. 


The authors are at IBM: Wells and Savoy at the Watson Research Center, Box 218, York- 
town Heights, NY 10598; Kyser at the Research Laboratory in San Jose, CA 95193. 
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The first step is to establish the conditions under which ECP 
contrast can be obtained from these particular samples. (ECP con- 
trast is a tilt-sensitive contrast that gives information related 
to the crystal structure, whereas topographic and compositional 
contrasts are insensitive to small changes in the angle of the 
specimen.) To determine these conditions, the sample was mounted 
in the SEM at right angles to the beam. A pair of silicon-diode 
BSE detectors were mounted, one in the "high" position H with 65 = 
67.5° (Fig. 2) and the other in the "low" position L with 0 = 
22.5°. The detector was type 55CL manufactured by Optical Coating 
Laboratories Inc. (This is essentially the same detector system 
as was used by Wells and Savoy® to investigate magnetic contrast 
from silicon iron at normal incidence--except in that case it was 
FIG. 2.--"High" and the "high'"' rather than the "low'' image that contained the desired 


"low" positions for image contrasts.) 

the solid-state BSE A typical BSE image obtained with the "low'' detector and with 
detectors.  ‘Defini= the beam in focus is shown in Fig. 3(a). Surface particles are 
tions of 6; and 6. seen in sharp focus, but the ECP is blurred. The final lens cur- 


rent was then reduced from 0.62 to 0.30 A in order to collimate, 
rather than focus, the incident beam (Figs. 3b and c}). The image 
has rotated clockwise by about 30°. The spatial magnification has increased by about 
20%. The surface particles are now imaged as circles with a uniform diameter related to 
the final beam-defining aperture in the SEM. The network of lines shown in Figs. 3(a) 
and (b) is the ECP caused by variations in the incident angle as the specimen was scanned. 
The image obtained with the BSE detector in the "high" position (Fig. 3b) shows very little 
ECP contrast. The "low'' image (Fig. 3c) shows strong ECP contrast. This observation is 
important inasmuch as BSE detectors in commercial SEMs are generally in the "high" posi- 
tion; that is, they are in the wrong position to give strong ECP contrasts from these par- 
ticular samples. 

The images shown in Figs. 3{b) and (c) were obtained with a 0.001uF condenser in se- 
ries with the diode BSE detector. This image therefore shows only the changes in the re- 
corded signal (which are caused, of course, by the changes that occur in the direction of 
the incident electron beam relative to the crystal lattice as this area is scanned). In 
reality, the recorded signal is either slightly greater, or slightly less, than the aver- 
age in the regions of this image that are bounded by the bright or dark lines in Fig. 3(c) 
(see Fig. 7 below). 

The (111) pole ECP obtained from Sample 2 (which had been ion bombarded) as shown in 
Fig. 4 contains less fine structure than the ECP obtained from Sample 1 (which had not) as 
shown in Fig. 3(c}). The degradation of the ECP is related to the crystal damage caused by 
the ion bombardment.’~!9 This relationship thus provides one way by which this damage can 
be categorized. 

Images obtained from Sample 2 are shown in Figs. 5 and 6. This part of the pattern 
consists of 12 stripes radiating outward from a central circle. The stripes were protected 
from the ions by the photoresist; the surrounding crystal was damaged by the ion bombard- 
ment. The diameter of the circle that just encloses the outer ends of the stripes is 200 
um. The micrograph obtained with the low BSE detector and with normal electron incidence 
is shown in Fig. 5(a). The spokes (which are the parts of the surface that were not ion- 
bombarded) are brighter than the background because the central part of the (111) ECP rep- 
resents a favorable channeling condition (point A in Fig. 7). Progressive tilts of 1.5° 
are shown in Figs. 5(b) and (c) (points B and C in Fig. 7). The ECP contrast is in the 
process of changing sign in Fig. 5(b) and can be seen to be of different sign at the upper 
and lower edges of this micrograph. Topographic contrast is independent of the channeling 
condition. 

Micrographs at higher magnification are shown in Fig. 6. Topographic contrast corres- 
ponding to a slight depression of the stripe is also seen in all three micrographs. This 
result is consistent with an increase in thickness of the ion-bombarded part of the crystal 
(as is shown in Fig. le in Ref. 1, for example). Topographic contrast is enhanced by the 
low position of the BSE detector. In images obtained with the detector in the "high" po- 
sition the bombarded areas appear darker than the surrounding crystal regardless of the 
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specimen tilt (Fig. lb). The reason for this reduction in the BSE signal from the non- 
bombarded regions was not established. Topographic contrasts are greatly reduced. The 
nonreversal of contrast as the specimen is tilted (when the BSE detector is in the high 
position) is consistent with the weakness of the ECP with Sample 1 in Fig. 3(b). 


(a) | (b) 


(c) 


FIG. 3.--BSE images obtained from Sample 1: (a) with final lens in 
focus, topographic contrast is sharp, ECP pattern is blurred; (b), 
(c) with final lens current reduced from 0.62 to 0.30 A to colli- 
mate incident beam rather than to focus it. Detector was in the 
"high" position in (b), "low'' in (c). Eg = 25 kV; ipeam = 5.5 * 
10-7 A and C= 1 uF in (a); ipeagm = 1.2 x 10°? A and C = 0.001 uF 
in (b) and in (c); 80sec scan, 200um final aperture diameter. 
Normal incidence, field of view measures 8000 um from left to 
right in (a). 
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FIG. 4. (bottom 
right) .--ECP obtained 
from Sample 2: com- 
pare with Fig. 3(c). 
(Less fine structure 
implies poorer crys- 
tal.) 


(a) O 
(b) 1.5° 
(ce) 3° 


(d) (c) 
FIG. 5.--Part of the pattern on Sample 2 imaged using "low" BSE detector (spokes are not 
bombarded): (a) with normal incidence (point A in Fig. 7); (b), (c) with 1.5° and 3.0° 
tilt (points B and C in Fig. 7). Eg = 25 kV; Liveane= 10-2 A; 80sec scan; C = 2 uF. 
Horizontal field of view measures 200 um from left to right; (d) Explanatory diagram. 


In some experiments we varied the incident beam energy. The effect of increasing the 
accelerating voltage from 30 to 50 kV is to wash out the topographic contrast while pre- 
serving the ECP contrast at a constant value of 0.5% over this voltage range. ‘The fact 
that the ECP contrast stays sharp as the voltage is raised is consistent with the theory 
that the ECP information is contained in the low-loss electrons scattered by the thin sur- 


face layer. 
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(c) 


FIG. 6.--(a), (b), (c) are as in Fig. 5, but at higher magnification. Horizontal field 
of view measures 40 um from left to right. Eg = 25 kV}; ipgam = 5 * 10-8 A; 80sec scan; 
Cua 2 yr, 


The general form of the ECP contrast variation at a band edge is shown in Fig. 7. 

The angular spacing A®@ between the maximum and the minimum signal at the band edge (in 
their case for silicon) was called the "linewidth" by Farrow and Joy.+! This value is 
several times smaller than the 1.5° tilt angle referred to above, which was large enough 
to tilt the sample onto the level sections shown in Fig. 7. Owing to the irregular na- 
ture of the peaks it may be easier in practice to measure the gradient at the neutral 
point than the linewidth as defined in the above way. Concerning the importance of meas- 
uring the linewidth, Farrow and Joy!! wrote: "...these measurements represent an impor- 
tant step towards the effective use of ECP contrast as a tool for characterizing para- 
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meters of the crystal lattice such as dislocation and 
point-defect density, and the extent, depth and distri- 
bution of damage layers due to ion implantation." 

The conclusions reached from this preliminary in- 
vestigation were therefore as follows: First, it is cer- 
tainly possible to form an image of the ion-bombarded 
regions by means of ECP contrast in the BSE image in 
the SEM; second, the usual position for the BSE detec- 
tor in commercial SEMs is not the best for this particu- 
lar problem; and third, it was found that the ECP from 
Sample 2 contained less fine structure than the ECP from 
Sample 1. This finding agrees with the results published 


o ° 
O 5° 3 previously by other workers’-!9 that the damage caused by 
the ion bombardment reduces the apparent sharpness of the 
FIG: Fleas Find tion oF Vine ECP, Thus, this technique will provide a means for study- 
width A®. Vertical axis = ing the damage caused by different ion doses. 


recorded signal. Horizon- 
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SURFACE IMAGING AND ANALYSIS WITH REFLECTION-DIFFRACTED ELECTRONS 
J. M. Cowley 


The idea of using electron beams diffracted from flat surfaces of bulk single-crystal 
specimens to form images of surface structure was tried briefly in the 1950s! and re- 
vived in the 1970s with both high-energy (100keV) electrons* and medium-energy (5-15keV) 
electrons.? The medium-energy system, with scanning techniques, has been applied suc- 
cessfully for the study of surface reactions’? and also to the study of diffraction chan- 
neling effects.° The instrument operates with ultrahigh vacuum and the specimens can be 
cleaned by ion bombardment and heated tm sttu, but the systems suffers because to date 
the resolution achieved has been no better than about 300 A. 

By use of 100keV electrons in a standard TEM, the resolution of surface detail has 
approached 20 A but, because the diffraction angles are very small and the beam is inci- 
dent at grazing angles, the images of flat surfaces are severely foreshortened in the 
beam direction. Also, in most microscopes the pressure of air and organic compounds 
around the specimen is much too high to allow clean surfaces to be prepared or studied. 
This last defect of the method has been overcome by Yagi and collaborators in Tokyo who 
have used an ultrahigh-vacuum 100kV TEM in which specimens may be ion-bombarded and heated 
to clean and anneal them. With this instrument, this group has observed atom-high steps 
on clean silicon surfaces, the growth and domain formation of surface-reconstruction 
super-lattices,® and the intersection of dislocations with the surface. / 

In our HB-5 STEM instrument we have as yet no provision for heating and cleaning the 
surfaces, but since the pressure in the specimen chamber is 107-2 torr or better, surfaces 
which are initially clean can be maintained in that state. 

We have been able to obtain scanning dark-field images with diffracted electron beams 
reflected from the surfaces of small crystals and have achieved a resolution approaching 
10 A. Furthermore we have been able to analyze these surface-reflected beams with an 
energy-loss spectrometer and to compare the ELS curves with those for electrons transmit- 
ted through thin crystals. 

The crystals used have been, for the most part, the larger, roughly cubic crystal- 
lites, about 1 um in diameter, occurring in samples of MgO smoke. Shadow images and 
convergent beam microdiffraction patterns of these crystals were observed by use of the 
optical system attached to our STEM instrument®’? and were used to align the crystals so 
that the axial incident beam was inclined to one of the major cube faces by an angle of 
about 2.6 x 107% rad corresponding to the Bragg angle for the (600) reflection. The dif- 
fraction geometry is indicated in Fig. l(a). A typical diffraction pattern, Fig. 1(b), 
shows doubled diffraction spots (or streaks) because the beams reflected from the surface 


; (a) (b) 
FIG. 1(a).--Diffraction of electrons from small cubic crystal showing diffracted beams 
reflected from surface A and transmitted through crystal edge B; (b) Convergent-beam 
diffraction pattern from MgO cubic crystal. The 400, 600, and 800 reflected beams are 
visible and each is split into the two components, A and B of part (a). Black spot is 
detector mirror in optical system of STEM instrument. 


The author is at the Department of Physics of Arizona State University, Tempe, AZ 
85281. This work was supported by Department of Energy grant EY76-S-02-2995. 
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are more deflected by refraction effects than those transmitted through an edge of the 
crystal. The surface-reflected beam may be detected to form the scanning image by use 
of a small mirror in the optical system (the black spot in Fig. 1b), or by guiding the 
selected part of the diffraction pattern through the detector aperture at the entrance 
to the energy-loss spectrometer. 

Figure 2(a) shows the image of an almost flat face of an MgO crystal. The image de- 
tail is due to small steps on the surface. Figure 2(b), obtained with the beam almost in 
the [100] direction, reveals that the rounded corner of a large cube actually consists of 
steps bounded by {100} MgO planes, about 100-200 A wide. These large steps are crossed 
by much finer steps. From the interaction of the small steps with the edges of the large 
steps it is clear that their heights are in many cases less than 5 

The ELS spectrum obtained from the surface diffracted beam (Fig. 3a) may be compared 
with that from the diffracted beam transmitted through a corner of the crystal (Fig. 3b). 
Apart from the differences in relative heights of the peaks due to differences in the ef- 
fective crystal thickness, the only obvious difference between the two spectra is that 
the surface-diffracted beam shows a small energy loss peak at about 7 V energy loss, not 
seen in the other curve. 

Since the penetration of a strongly reflected diffracted beam into a flat surface is 
no more than 10-20 A, one may expect this ELS method to prove to be a valuable technique 
for the study of surface concentrations of particular types of atoms or for surface states 
that may have a profound influence on surface electronic properties or reaction kinetics. 

Some interesting interference fringes are observed when images such as those of Fig. 
2 from nearly perfect MgO faces are defocused. These fringes arise from interference of 
the electron waves corresponding to the beams A and B of Fig. l(a), which leave the crys- 
tal at slightly different angles owing to differences in the refraction effect. 

Our results to date are of a preliminary nature, designed to explore the possibili- 
ties of the techniques and to provide some further basis for the theoretical study of the 
image contrast! and of surface analysis. They are being extended to studies of MgO with 
thin epitaxed metal films, and to investigations of the surfaces of NiO and other crys- 
tals. 
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ON THE PROBLEM OF COATING SAMPLES FOR HIGH-RESOLUTION LOW-LOSS SURFACE SEM 


A. N. Broers and Eberhard Spiller 


For highest resolution with the low-loss or scanning reflection surface image, it is 
necessary to coat low-atomic-weight samples with a thin layer of relatively high-atomic- 
weight metal. The metal layer scatters many more electrons than the underlying sample 
and gives rise to a predominantly surface image. In practice, it is difficult to make 
the metal coating smooth enough to allow the full resolution potential of the method to 
be realized. With the high-resolution low-loss mode, the final lens has a focal length 
that is ten times shorter than that of the final lens of a conventional secondary-elec- 
tron SEM, and the lower aberrations of this lens allow the beam diameter to be reduced 
to below 1 nm.* Contrast from surface perturbations is very high; we have been able to 
detect roughness that is not detected in a conventional secondary-electron SEM. For 
example, features of 2-5 nm are observed with high contrast in 3-5 nm coatings of AuPd 
and PtPd films.* Similar coatings produce acceptable structureless coatings for the 
standard SEM, *>° Sputtered coatings of about 200 A used for convonereng! SEM have struc- 
tures as large as 10-20 nm when viewed with the low-loss method.® Such coatings would 
obscure a lot of potentially bisible detail on many samples. With the high-resolution 
low-loss method, films pure gold show considerable structure that is not visible in 
the high-resolution SEM, ’” 

We have explored a variety of heavy-metal coatings in order to examine their relative 
roughnesses. We first measure the roughness of the film by monitoring the intensity of a 
beam of soft x rays reflected from the sample surface. The samples are then examined in 
a high-resolution SEM with a beam diameter below 1 nm. The x-ray measurements are made 
during film deposition by monitoring of the oscillations in the reflectivity of the films 
caused by the interference of the waves reflected at the top and bottom boundaries of the 
film. The average reflected intensity decreases as the film roughness increases. 

For uncoated samples of moderate atomic weight (27-29), an energy filter improves the 
scanning reflection image: the image then becomes more truly a "low-loss'' image, as the 
filter prevents electrons that suffer too large an energy loss from reaching the detec- 
tor. The use of a cone was proposed originally as one alternative for the high-reso- 
lution low-loss image,* but subsequently most samples have been examined in our labora- 
tory without its use. For heavy-atomic-weight samples, or for coated samples, adequate 
energy selection results from the optics of the objective lens/detector combination. To 
reach the detector from the center of the condenser-objective lens, electrons must emerge 
from the sample at a glancing angle (10-20°) to the sample surface.® Scattering into this 
'fan' of acceptance results predominantly from elastic scattering events close (< 2 nm) to 
the surface so the image is mainly a surface image. For lower-atomic-weight samples, the 
depth from which electrons can be scattered into the detector increases; and 'flair- 
ing' (which results from electron penetration of surface protuberances) becomes more se- 
rious. In these cases the filter improves the image by rejecting electrons that have 
lost significant energy (> 400 eV). These electrons have travelled too far into the sam- 
ple, or have travelled through protuberances and therefore no longer yield localized in- 
formation about the point of impact of the electron beam. 


Surface Roughness by Soft X-ray Interference 


The interference of soft x rays reflected from the top and bottom boundary of a thin 
film during the deposition of the film can be utilized to measure changes in the surface 


The authors are at the IBM T. J. Watson Research Center, Yorktown Heights, NY 10598, 
W. Molzen was responsible for fabricating the silicon nitride membrane substrates used 
for the STEM samples. The cleaved NaCl substrate was provided by W. Krakow. It was 
examined as part of a study of crystalline surfaces with high-resolution low-loss SEM. 1 
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roughness of the film during growth. The (complex) amplitude reflectance of a film is 
given by 


r +r ene 
ot Fe 
oe 1l+yrr elf ee 
t B 
A = 4ndn cos a/A (1b) 


where ry and rp are the amplitude reflection coefficients of the top and bottom bound- 
aries of the film, d is the film thickness, and n = n - ik is the complex refractive 
index of the film material. In the soft x-ray region at nongrazing incidence, we have 
Ire], itp | << 1 and Eq. (la) can be approximated by 


Te > r+ re (2) 


For the case [r+ | >> lrp| the absolute value of the amplitude reflectance |r-| as 
a function of the film thickness d represents a damped oscillation around an average val- 
ue [ry]. Surface roughness reduces | re | over that of a perfectly smooth surface; the 
value of |r;| decreases if the surface becomes rougher during the deposition, which re- 
sults in a reduction of the mean value in the observed curve of reflected amplitude 
(= VR) versus thickness. An effective rms surface roughness o can be determined from 


aa exp[(2no cos a)/A]* (3) 


where a is the angle of incidence and las | is the extrapolated value of the amplitude 
reflectance for zero thickness. 

The sensitivity of the method can be selected by a proper choice of x-ray wavelength 
and angle of incidence. Shorter wavelengths and or angles closer to normal incidence 
give higher sensitivity for the measurements of very small roughnesses. However, be- 
cause the reflectivity of all materials decreases with decreasing wavelength, smaller 
signals are obtained for the highest sensitivity. We obtain reflected signals around 
1000 photons/sec for characteristic soft x-ray sources (A = 4.5 or 6.7 nm) at angles of 
incidence around 60°. With these parameters, we can determine roughness changes of, 
around 0.2 nm with good signal-to-noise ratio for deposition rates up to about 100 A/min. 
Figure 1 shows the measured reflected amplitude, and the roughness calculated from the 


0.8 — FIG. 1.--Measured (circles) 
and calculated (full curve) 
reflected amplitude (arbi- 
trary units) and roughness 
(nm) of AuPd film vs film 
thickness. Film thickness 
was derived from mass thick- 
ness as measured with quartz 
oscillator; 25% lower density 
for the first 3 nm was nec- 
cessary to fit the data. Ef- 
fective roughness of top sur- 
face is calculated from de- 
crease in average reflected 
amplitude. Reflected ampli- 
tude is measured for soft x- 
rays (wavelength, 4.5 nm; 
THIEKNED OS Cnn) angle of incidence a = 64°); 
absorption index k = 0.0055 
is used for calculated curve. 
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reflected amplitude, for an AuPd film. Similar measurements were made for all the metal 
films examined. The roughnesses are given in the figure captions of the micrographs of 
the metal films. 


Electron Microscopy 


The SEM used for this examination has been described previously.2 The final lens 
is of the condenser-objective type and has a minimum focal length of 0.8 mm at 50 kV. 

For this study, both sintered_and single-crystal LaBg cathodes were used with bright- 
nesses between 5 x 10© and 107 A/cm*ster at 50 kV. Brightnesses were measured by means 
of the Kohler illumination mode.19 Beam currents between 10711 and 10719 amp were used 
for the surface micrographs. Beam diameters were between 0.8 and 1.5 nm. In all cases, 
STEM micrographs were 'sharper' than surface micrographs obtained with the identical 
electron beam; the definition in the surface images is evidently set by the electron 
interaction volume in the sample and not by the diameter of the electron probe. 

For surface microscopy, the sample is placed exactly at the center of the polepiece 
gap. The first half of the magnetic field focuses the beam onto the sample; the second 
half redirects the scattered electrons back parallel to the axis of the lens so that they 
pass on to the electron detector. The detector is a plastic scintillator 1 cm in diam- 
eter placed 8 cm below the final lens. The surface of the sample is oriented at 20° to 
the direction of the incident beam. Incident electrons must be therefore scattered 
through at least this angle in order to pass around the sample edge. Such scattering 
angles cannot be produced by the lower diffraction orders and contrast is dominated by 
surface topography. Topographical contrast is assumed to be due to changes in the scat- 
tered signal that arise from variations in the local angle of incidence of the beam with 
the surface, We have observed that steps on the surface produce particularly strong con- 
trast. When the beam is incident on the region above the step, there is a significant 
increase or decrease in the scattered signal according to whether the step is downward or 
upward. Such step contrast is treated theoretically by 0. C. Wells in this proceedings.!! 

The filter used to obtain the true "low-loss" images, described previously, !2 is a 
retarding mesh filter with a large acceptance area (~ Icm diam.) and a resolution of ~400 V. 

For the STEM observations, the metal films were deposited on silicon nitride membrane 
substrates. The films wee deposited at the same time as the surface microscopy samples 
were deposited. The silicon nitride membrane substrates are made from silicon nitride- 
coated silicon wafers by selective etching of holes through the silicon with an aniso- 
tropic etchant. The etchant stops at the silicon nitride and leaves the 30nm-thick ni- 
tride membrane covering the hole. For the STEM micrographs shown here, the detector ac- 
ceptance angle was set to be approximately equal to the illumination angle. 


Results 


Figure 2 shows surface micrographs of Au, Re, AuPd, PtIr, W, and ReW films. The 
roughness estimated from the x-ray measurements is given in the figure captions. Some 
surface roughness is visible in all the micrographs, which shows that this SEM method 
can detect surface topography of a few tenths of a nanometer. We have found repeatedly 
that the smoothest films are ReW, although W films appear satisfactory for most surface 
microscopy applications. Although the ReW films are very smooth, some structure remains 
visible even in thinner films. For example, Fig. 3 shows the surface of a 9nm-thick ReW 
film coated onto a freshly cleaved NaCl crystal. Of the more commonly used coating ma- 
terials, AuPd provides the smoothest coating; however, the residual structure still lim- 
its the effective resolution of this method, ° Pure Au films are quite unacceptable even 
in very thin layers (see, for example Fig. 4, which shows a 20A-thick Au layer). 

The advantage of using the retarding-field filter for samples of moderate atomic 
weight is illustrated in the micrographs of a portion of a silicon integrated circuit 
(Fig. 5). The micrographs show aluminum interconnection wires passing over layers of 
polysilicon and silicon. The filter reduces flairing and increases the contrast from 
the surface perturbations. 

Figure 6 (STEM micrographs of 18, 6, and 3nm-thick ReW films) shows how the structure 
in the films becomes finer as the film thickness is reduced. 
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FIG. 2.--High-resolution surface SEM micrographs of 18nm-thick metal films; measured ef- 
fective surface roughness is shown in parenthesis: (a) Au (1.1 nm), (b) Re (0.75 nm), 
(c) PtIr (1.05 nm), (d) AuPd (0.6 nm), (e) W (0.55 nm), (f) ReW (0.46 nm). 
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FIG, 3.--Surface of 9nm-thick ReW 
(68% Re) film deposited on freshly 
cleaved NaCl crystal. Structure 

is visible in film although its 
roughness is estimated from measure- 
ments of similar ReW films on sili- 
con substrates to be only about 

0.25 nm, 
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FIG. 4.--Surface micrograph of 2.5nm-thick gold layer on <100> silicon wafer. 
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FIG, 5.--Surface micrographs of portion 
of silicon integrated circuit showing 
aluminum interconnection wires passing 
over polysilicon and silicon dioxide 
layers: (a) image without filtering sig- 
nal reaching detector; (b) image when 
retarding field filter is used to filter 
out electrons that have lost more than 
about 400 eV. 


FIG, 6.--STEM micrographs of ReW (68% Re) 

films. Measured effective surface rough- 

ness is given in parenthesis. Thicknesses 
are as follows: (a) 18 nm (0.46 nm), (b) 

6 nm (0.27 nm), (c) 3 nm (0.18 nm). 
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LOW-LOSS ELECTRON IMAGES AND THEIR APPLICATIONS IN InP AND GaAs DEVICE PROCESSING 
Aristos Christou 


Low-loss electron (LLE) images obtained by filtering out of the slower backscattered 
electrons results in a line to line resolution of better than 200 A and a depth percep- 
tion of better than 100 A. Auger imaging in an SEM results in line to line resolution 
of approximately 2000 A and a depth resolution of 10-20 A depending on the Auger energy 
analyzed. Low-loss images can reveal substrate surface texture since the image con- 
trasts from surface details smaller than 200 are considerably stronger in the low-loss 
image than in the Secondary-electron image. The substrate surface texture observed with 
LL electrons can be chemically analyzed and mapped by an increase in the working dis- 
tance to 20 mm and use of a 20mm-diameter clyindrical mirror analyzer in conjunction 
with the SEM primary beam in order to obtain an Auger image of the surface texture. 

In the present paper, we review techniques for applying LLE and Auger imaging to 
semiconductor wafer screening and to general materials problems.! The low-loss images 
were obtained with a two-grid filter with a voltage resolution of 3-5%, and 200 to 400V 
energy loss. The accelerating potential was 15 kV. The techniques for obtaining Auger 
images have been presented previously. LLE images of Si wafers have identified surface 
defects previously undetected by secondary-electron microscopy. These defects, directly 
related to wafer process control, include swirls, striations, edge dislocations and im- 
purity segregations. Direct correlation between LLE and Auger images has been obtained 
for swirls and impurity segregations near the surface. 


Experimental Set-up 


In the case of GaAs substrates, defects related to chemical impurities and uncon- 
trolled surface oxides have been studied in detail. In each case, a correlation between 
LLE images and Auger images has been obtained where the latter identifies the associated 
elements. Surface oxides on GaAs can be detected topographically. in LLE images and fur- 
ther identified by elemental distribution in Auger images. A single-collector system 
for low-loss electrons was used in the present work that consists of a conventional scin- 
tillator-light pipe-photomultiplier detector but with three grids between the detector 
and the specimen. The grid closest to the scintillator was held at or near the poten- 
tial of the second grid. The middle grid acts as the filter for removing the inelastical- 
ly scattered primary electrons. 


Expertmental Results 


Figures 1 and 2 show typical surface defects on GaAs surfaces detected by low loss 
electrons. These defects are 50-100 A in depth and cannot be imaged by secondary~-elec- 
tron microscopy. Similar defects introduced by field-effect transistor processing have 
been analyzed for InP. In addition, surface oxides (InO) on InP have been studied as a 
function of desorption temperature. Changes in surface stoichiometry as a function of 
in-situ desorption temperature can be directly imaged with low-loss electrons. These 
variations, which occur over a depth of up to 100 A, directly affect microwave and milli- 
meter-wave device performance. 

Two basic problems with GaAs wafer processing are the presence of oxides and sulfur 
contamination on GaAs surfaces. In the present work, the epitaxial GaAs was surface 
treated by a 2min acetone, methanol rinse followed by a concentrated HCl etch for 2 min. 
The adsorption of sulfur on GaAs is shown in Fig. 1. The Auger image was taken at an 
energy of 150 eV corresponding to the sulfur Auger transition. There is a one-to-one 
correlation between the Auger and low-loss images. The Auger spectrum of the sulfur con- 
taining region is shown in Fig. 1 and also indicates the presence of S, Cl, C, and O on 
the surface. The Auger-low loss correlation was only obtained with the sulfur transi- 
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tion. In the case of surface oxides on GaAs, attempts to desorb them at 1078 Torr and 
575°C often result in an irregular surface owing to loss of arsenic. The contrast varia- 
tion in the low loss images of such surfaces is then due to a lateral inhomogeneity in 
the GaAs native oxide, which causes both a variation in oxygen concentration and stoi- 


chiometry. 
The advantage of low-loss images in the study of GaAs and InP surface defects is di- 


rectly related to the short normal penetration depth for GaAs and InP. The normal pene- 
tration depth can be calculated by means of a steplike transmission function F(E) and an 
energy resolution of 1-2%. The total energy loss is proportional to the total electron 
penetration times the Bethe loss function. Figure 3 shows that the normal penetration 
depth can be made to vary between 25 arid 50 A for Ga As, so that LLE images are ideal 
for the study of surface characteristics of III-V semiconductor compounds. 
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FIG. 2.--LLE image of GaAs surface showing 
variation in oxide formation. 
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FIG, 1.--AES and LLE images of sulfur con- 
tamination on a GaAs substrate. 


ae 
8 


“J 
ol 


a 


S; NORMAL DEPTH (A°) 
3 


é 3 
ore 
: 10 25 
= 
= 
0 1000 2000 
S(A°) 
104 FIG, 3.--Electron penetration curves for Si 


10 20 30 40 90 60 and GaAs, and backscatter electrey curves 
ANGLE OF INCIDENCE for low-loss electrons. 


man 


David B. Wittry, Ed., Microbeam Analysis — 1980 
Copyright © 1980 by San Francisco Press, Inc., 547 Howard St., San Francisco, CA 94105 


4 
Quantitative Analysis 


CONCERNING X-RAY PRODUCTION AND QUANTITATIVE ANALYSIS 
R. H. Packwood and J. D. Brown 


For a number of experimentally measured $(pz) curves, plotting In($(ez))} against (pz)? 
rather than pz itself leads to rather remarkable straight lines (Fig. 1). These plots 
suggest that the ¢(pz) curves can be described by a Gaussian 6 « exp(-a%(pz)*) with the 
maximum of the Gaussian at the origin (oz = 0) and the value of a related to the slope 
of the straight line portion of the curve. Wittry! and Kyser? had used a Gaussian in 

an attempt to fit ¢(pz) curves to an analytical expression but fitted the maximum of the 
Gaussian to the maximum in the ¢$(pz) expression. 

In searching for an explanation of the Gaussian dependence of x-ray generation on 
depth, an analytic expression describing the random-walk approach used in the Monte Carlo 
calculations of x-ray production was derived. This approach predicts a Gaussian depen- 
dence as a function of depth starting from the surface. The deviations from this Gaus- 
Sian behavior result from the initial conditions of a finely focused beam in which the 
electrons are traveling perpendicular to the sample surface in one direction. The de- 
creased x-ray production near the surface is a result of the lack of randomization of 
the electron paths near the surface. An exponential function adequately describes this 
near-surface behavior so that the entire ¢(pz) curve is given by 


o(pz) = vga OP Gi - ge PP2) 


The values of a and 8 have been derived starting from a screened Rutherford scat- 
tering cross section® and are 
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The values of yg can be shown to lie between 1/2 and m on the basis of a simple back- 
scattering argument; q can be calculated from 


~ 37 _ 900) 
cr Yo 


The significance of these constants in the calculation of (pz) is shown in Fig. 2. 

A Simplex procedure was used to fit this formula to the measured ¢(pz) data of Brown 
and Parobek* starting from assumed values for the four parameters obtained for the first 
curves from rough plots, then later by small adjustments of these values. The values of 
Yo and q were constrained to fall within the limits theoretically derived since in per- 
haps 5% of the total number of curves (which numbered about 200) very large values were 
obtained for yo and the value of q was close to 1 for an unconstrained fit. 

Table 1 gives a comparison of the theoretically derived values of a and the simplex 
best fit values for some of the low energy curves. Figures 3 and 4 show the fit to the 
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FIG. 1.--Linear relationship between FIG. 2.--Schematic representation of a 
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TABLE 1.--Comparison of the values of a obtained from a theoretical expression (T) and 
from best fits to experimental data (M) for several ¢$({pz) curves. 


Low Electron Energies, Si Tracer (Sika) 


a Coefficients (x 10+) 


Matrix 


experimental curves in a situation of low matrix Z and low energy characteristic x ray 
where production from the continuum is not important and in a high Z matrix where it is 
important. The poor fit in the tail of the latter curve shows clearly that the Gaussian 
expression applies only to x rays directly excited by electrons. The conclusion one can 
draw is that the Gaussian function can accurately describe the experimental data of x-ray 
production as a function of depth. 

For quantitative analysis, in the absence of fluorescence effects, the intensity 
ratio 


X AP 


eo = Z 
Soslerde “ d(oz) 


foe) —XK ePZ 
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where Wy, is weight fraction of element A in the unknown, x is the absorption factor 
u csc } (where ~ is the x-ray take-off angle), and ¢,(pz) and $¢c(pz) are the depth dis- 
tributions of x-ray production/unit concentration in the unknown and pure element stan- 
dard, respectively. This expression includes both absorption and atomic number correc- 
tions. 

On substituting the Gaussian expression for (pz) and integrating, we obtain® 
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where erfc(x) is the complementary error function which is easily approximated by a 
simple polynomial expression.° This equation, which can be programmed easily, puts 
quantitative electron probe microanalysis on a sound theoretical and experimental ba- 
sis. 
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BACKSCATTER LOSS IN THE X-RAY CONTINUUM 
R. L. Myklebust, D. E. Newbury and J. A. Small 


The quantitative analysis of small particles and irregular surfaces in an electron micro- 
probe or scanning electron microscope has many applications. One method of correcting 
the x-ray data for particle size effects or for variations due to nonflat surfaces is to 
make use of the continuum x-ray intensity as a measure of mass of the volume of x-ray 
generation. This technique has been ouphoyed by several authors in conjunction with 
standard quantitative analysis methods,!»4 

The peak-to-background method requires knowledge of the x-ray continuum intensities 
generated at the same energies as the characteristic x-ray peaks needed for the quantita- 
tive analysis computations. We have made measurements of the continuum intensities on a 
large number of elements at several beam energies (5-30 keV, continuum energy 1-10 keV) .? 
Before one attempts to fit an empirical expression to the continuum intensities as a 
function of atomic number, the intensities measured must be corrected for absorption in 
the specimen and detector components and should be corrected for loss due to electron 
backscattering. 

The NBS Monte Carlo program for computing electron trajectories and generated x rays 
was used to calculate the continuum x-ray loss due to backscatter in a variety of materi- 
als. The continuum x-ray generation cross section of Kirkpatrick and Wiedmann* was em- 
ployed to compute both the continuum x rays generated in the specimen and the continuum 
x rays that would have been generated by the backscattered electrons if those electrons 
had remained in the specimen. The fraction of x rays generated within the specimen, 
R(continuum) , was then calculated for each of the continuum energies. The NBS Monte 
Carlo program is capable of calculating the x-ray continuum intensity at five different 
energies each time the program is run. The calculation required a considerable amount 
of time, so that it was not practical to attempt to compute the entire continuum. Se- 
lected energies of 1.5, 2.6, 4.6, 7.6, and 8.7 keV were used. 

The R(continuum) values obtained agree with the analytic calculations of Rao-Sahib 
and Wittry> as shown in Fig. 1. The Monte Carlo program also confirmed these authors' 
observation that the x-ray continuum from thick targets may be considered as isotropic 
over a wide range of Z, but not for small particles, where high-energy electrons are 
lost through the bottom of the particle. We have observed, in this case, that there is 
a change in the shape of the x-ray continuum as compared to a polished flat specimen.®’? 
This change in shape does not appear to be related to the excitation volume or the x-ray 
absorption within the particle. 

The largest discrepancy between the Monte Carlo results and the calculations of Rao- 
Sahib and Wittry was for gold at X = 0.1, where the Monte Carlo data were 4% lower. The 
Monte Carlo data deviated below the analytic calculations at high atomic number. Addi- 
tional calculations for elements of high atomic number will be required to determine 
the origin of this difference. 

The Monte Carlo program computes the x-ray absorption within a specimen from the ex- 
citation positions within the target and not from a function that requires knowledge of 
the depth distribution of x-ray excitation. These absorption factors differed by no more 
than 7% from the absorption factors calculated for characteristic x rays of the same en- 
ergy. The absorption of the continuum was always slightly more than for a corresponding 
characteristic x-ray energy. 

We have fitted an empirical expression to the data of Rao-Sahib and Wittry° that re- 
produces their table of R(continuum) with an accuracy better than +2%. A plot of R(con- 
tinuum) versus Z is shown in Fig. 2, together with some of the Monte Carlo results. The 
expression is a function of atomic number (Z) and overvoltage (U): 
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R(continuum) = AZ? - BZ + C 
where A, B, and C are defined as follows: 


A = [1 - exp(0.361413X% + 0.288563X - 0.619466) ]10-* 


B = [1 - exp(0.152782X2 + 2.04255X - 2.17326) ]10-2 
C = 1.00257 + 0.0406679X for X < 0.7 
C = 1.017 for X > 0.7 


The above equations were used to predict the R(continuum) at the x-ray energies mea- 
sured for a large number of pure elements. Figure 3 is a plot of x rays generated within 
a pure element target for one x-ray energy at 20KeV beam voltage as a function of atomic 
number and the same data divided by R(continuum). The corrected data follow a straight 
line in this case. That may not always be the situation; however, the continuum inten- 
sity appears to be a fairly simple function of atomic number at a fixed overvoltage after 
correction for the intensities for R(continuun). 


Continuum 
il X=.23 Re 


Continuum 


FIG. 1.--R(continuum) vs atom- FIG, 2.--R(continuum) vs FIG, 3,.--Continuum inten- 

ic number for two overvoltages. atomic number for two over- sity generated at 4.6 keV 

Curves are from Ref. 53; points voltages. Curves are em- by a 20 keV electron beam 

are calculated from the NBS Monte pirical fit to data from vs atomic number. Both 

Carlo program; X = 1/U. Ref. 5, points are calcu- the generated intensity and 
lated from the NBS Monte the generated intensity di- 
Carlo program. vided by R(continuum) are 

shown. 
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ON THE CONTINUUM FLUORESCENCE CORRECTION IN THE ANALYSIS OF FILMS 
J. D. Kuptsis, F. Cardone, and R. J. Savoy 


It is common practice in quantitative electron probe microanalysis to overlook the con- 
tribution of continuum fluorescence excitation in the correction scheme. This approxi- 
mation is frequently permissible if the target is similar in atomic number to the stan- 
dard and is infinitely thick (over 10 um) relative to the fluorescence excitation range. 
Accurate calculations of this continuum contribution are ‘complex and require considerable 
computer time. Hénoc! carried out such calculations and found that as much as 7% of the 
total x-ray production is due to continuum excitation under typical operating conditions 
in electron microprobe spectroscopy. Green* and others?-5 have also considered this prob ~ 
lem. However, the common procedure in quantitative data reduction is to normalize the 
x-ray intensities of the sample to the x-ray intensity of the pure element standard (al- 
so subject to continuum excitation) , which usually corrects for this effect to an accep- 
table level of accuracy. 

On the other hand, if the target under investigation is a film of a thickness larger 
than the primary production range but considerably smaller than the fluorescence excita- 
tion range, normalization of the x-ray intensities to pure "bulk"' element standards does 
not eliminate this problem. Indicative of this problem is the experimental observation 
that the sum of the weight fractions of all constituents after the correction procedure 
(excluding continuum excitation) is smaller than unity. Forcing the results to unity by 
normalization makes the invalid assumption that all elements in the target are equally 
affected by the continuum excitation process. An alternative and more correct approach 
we frequently take is to measure the x-ray intensity of the pure element standard in the 
form of a film of a thickness comparable to the actual sample. Deviations from unity 
after concentration summation are much smaller but the work that is involved in the prep- 
aration of such standard films restricts the general usefulness of this technique. A 
more practical alternative would be a procedure based on the measurement of pure element 
bulk standards and the inclusion of a continuum fluorescence correction. ; 

Working toward this goal, we have made a series of measurements on pure element films 
and on pure element bulk standards. 


Experimental Procedure 


Two electron probes were used, an ARL-SEMQ and an ARL-EMX-SM (takeoff angle 52.5°). 
Sets of monoelemental films of Ge and Au were prepared to evaluate the relatively large 
contributions of indirect production to the total intensities measured for GeKa and AuLa. 
The films ranged in thickness from less than 0.5 um to several microns. Geka (9.89 keV) 
and AuLa (9.71 keV) are the most energetic K and L lines that we can evaluate in first 
order and also prepare thin films by evaporation in vacuum. In addition, the same set 
of films can be used to evaluate GeLa (1.2 keV) and AuMa (2.1 keV); however, these rela- 
tively low-energy lines are predicted to have little indirect radiation contribution. 

The wavelength-dispersive background-corrected peak intensities were plotted as a 
ratio of Ip (total intensity from bulk standard) to Ip (total intensity from film). In 
Figs. 1 and 2, GeKa and AuLa ratios are plotted at fixed accelerating voltages as a func- 
tion of different thicknesses. The intensity ratios for GeKa and AuLa for varying accel- 
erating voltages on individual films are plotted in Figs. 3 and 4. It can be seen that 
the contribution of indirect radiation can be as large as 9% and that this value decreases 
with increasing thickness. 

Data were also acquired for films of Si, Ti, Cr, Ni, Nb, Pd, and Ta in order to gain 
a better understanding of the continuum fluorescence effects as a function of atomic nun- 
ber. 


The authors are with the IBM Watson Research Center, Box 218, Yorktown Heights, 
NY 10598. 


51 


Discusston 


Work is at present in progress to find a semi-empirical relation that would fit our 
data and permit the analyst to estimate the size of the continuum correction term. It 
will be assumed that an estimate of the composition (ZAF procedure) and the thickness 
are known to the analyst. 
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INSTRUMENTAL EFFECTS ON THE GENERATION OF CONTINUUM FROM PURE ELEMENT TARGETS 
J. A. Small, D. E. Newbury, and R. L. Myklebust 


The quantitative analysis of samples with the various methods based on peak-to-back- 
ground measurements requires detailed knowledge of the continuum (bremsstrahlung) as a 
function of specimen and beam parameters.!’* In the NBS peak-to-background program, 
FRAME P, which is currently under development, we would like to use the continuum in- 
tensity measured on one pure element standard at a particular energy E, to predict the 
continuum intensity for the various elements of the unknown at all E\'s of interest. 
The continuum intensity for the unknown, Bpyj,, at a given E, can then be determined 
from an estimate of the concentration’: 


B ECB 


bulk i 11,¢ 


During the early work on FRAME P, we attempted to use various functions to describe 
the continuum with respect to the atomic number Z of the target, beam energy Eg, and 
continuum energy of interest Ease? Since the various functions we tried did not ade- 
quately describe the experimentally observed values of continuum intensities, we have 
been working on an empirical equation relating continuum intensity to Z, Eg, and E). 

In this paper we discuss a comparison of the continuum intensities from pure-element 
targets measured on three different electron-beam instruments at two different acceler- 
ating voltages. The purpose of this work was to determine whether a single expression 
relating the continuum to Z, Ey), and E, can be applied to various experimental setups. 

Of the three electron-beam instruments used in the study, two were electron micro- 
probes with take-off angles of 40 and 52.5°; the third was a scanning electron micro- 
scope with a 30° take-off angle. Spectra from polished pure-element targets of C, Al, 
Ti, Fe, Ge, Nb, Sb, Tb, Ta, Au, and Bi were taken for a live time of 1000 sec at normal 
beam incidence. 

The continuum intensities for five different energy windows 200 eV in width were 
measured and midpoint energies were used as the E, values. Measurements were made at 
FE, values of 1.5, 2.6, 4.6, 7.6, and 8.7 keV. The measured intensities were used for 
the windows where there were no interfering peaks. For the windows where there were 
interfering peaks, the continuum intensities were determined from the second-order fit 
used in the analysis procedure FRAME C.’ All the intensity values were then converted 
to generated intensities by corrections for specimen absorption and detector efficiency. 

To determine whether the Z dependence for the continuum intensity was the same for 
all three instruments at a given Eg, the intensity values for the various elements de- 
termined on a given instrument and at a given E, were normalized to the intensity mea- 
sured on a particular target (é.g., Fe) at the same energy, This normalization compensates 
for differences in electron dose and geometric efficiency among the three instruments. 
Figure 1 is a plot of the normalized intensities from the three instruments vs Z at E, = 
7.6 keV and Eg = 25 keV. Within experimental uncertainty the points from the three in- 
struments all fall on the same curve. Similar results were also observed for the other 
energy regions. The Z dependence for the continuum intensity is thus the same for all 
instruments and can be expressed as a single function. 

The second test was to determine whether dependence was the same for the two beam 
energies, 25 and 17.4 keV. Figure 2 is a plot of the values, again normalized to iron 
in each set, for instrument 1 plotted vs Z at both 25 and 17.4 keV. The values of the 
normalized continuum intensities fall nearly on the same curve. The Z dependence of 
the normalized continuum is thus independent of Ep) to a first approximation, so that 
the expression derived for 25 keV can also be used to describe the normalized con- 
tinuum intensity at 17.4 keV. We are currently working on an expression to de- 
scribe the Z dependence of the continuum intensities after their correction for back- 
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scattered electron loss.® 


Z Dependence of Continuum Intensity 
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three instruments vs Z at E, = 7.6 and from instrument 1 vs Z at Ep = 25 and 
Eg = 25 keV. 17.4 key. 


The final aspect of the continuum we examined was the dependence of the intensity 
on E,. For this work the intensity values for a given element and instrument were nor- 
malized to the corresponding value for that element and energy from the run on instru- 
ment 1. The results are shown in Fig. 3 for elements 26 and 51 with the values for in- 
strument 1 equal to unity. One would expect the curves for instruments 2 and 3 to be 
displaced from unity, because of the different electron doses and geometric efficiencies. 
If all the machines had the same E, dependence the curves would be parallel over the en- 
ergy range. Figure 3 shows that this is not the case. The curve for instrument 2 in- 
creases (and that for instrument 3 de- 
creases) with respect to the curve for 
instrument 1 at higher E, values, One 
possible source of this discrepancy may 
10 instrument1 be a difference in the absolute efficien- 
cy of the various detectors over the en- 
ergy range. 

Two conclusions can be drawn from 
the results of this study. First, it 
appears that a single expression can 
be used to describe the Z dependence 
of the continuum for different experi- 
mental set-ups over the range of ac- 
celerating voltages 17-25 keV. Second, 
because the relationship of the con- 
tinuum to E,, varies with the instrumen- 
tal set-up, additional investigation 
into the correction procedures used to 
determine continuum intensities is nec- 
essary. 


Ey Dependence of Continuum Intensity 
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FIG. 3.--Plot of E, dependence of continuum 
elements 26 and 51. 
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CRYSTAL EFFICIENCY DETERMINATION FOR RELATIVE LINE INTENSITY MEASUREMENTS 
R. B. Marinenko, K. F. J. Heinrich, R. L. Myklebust, and C. E. Fiori 


Poor resolution remains the major limitation of energy-dispersive x-ray spectrometry 
(EDS). Data-reduction procedures such as FRAME C! must therefore correct for peak over- 
lap; and this correction requires an accurate knowledge of relative x-ray line intensi- 
ties. 

Recently, ratios have been re-determined for the Ka and Kg§ x-ray lines of elements 
from phosphorus through germanium.* The improved accuracy was made possible by the use 
of EDS for which accurate detector efficiency corrections for the absorption of the beryl- 
lium window, gold contact layer, and silicon dead layer, as well as for the detector ac- 
ceptance angle, can be calculated. The low resolution of EDS does not impose a serious 
problem in the determination of the K-line ratios. For low-atomic-number elements, Hein- 
rich et al.* used a modification of a simplex procedure? to make overlap corrections for 
Ka and Kg lines. 

The L-line overlap is more extensive. Far more than a simple overlap correction pro- 
cedure would be needed if EDS were used to determine L-line ratios. Therefore, the use 
of a crystal spectrometer, where the higher resolution reduces the overlap problem, is a 
potential solution, but the efficiency of a crystal spectrometer cannot be as easily de- 
termined as in EDS. 

Recently, Bolen et al.* measured the relative peak height intensities of the L-lines 
of samarium with a quartz 1011 crystal spectrometer. The crystal spectrometer was cali- 
brated with the help of values of the absolute x-ray yield data for K lines previously 
determined by Lifshin et al.° by EDS. 

We have similarly calibrated a crystal spectrometer with the help of EDS, but our pro- 
cedure is somewhat different from the above. A ratio of integrated intensity obtained 
with the wavelength-dispersive spectrometer (WDS) to the integrated intensity of the same 
line obtained with EDS is calculated for most elements from titanium through arsenic. 
Both the Ka and KB lines are used. A plot of these ratios as a function of peak energy 
gives a smooth curve (Fig. 1). The curve defines the efficiency of this particular crys- 
tal spectrometer. Points along the curve can be used to correct L-line integrated inten- 
Sities obtained on the same crystal spectrometer for more accurate line intensity ratios. 


Expertmental 


A lithium fluoride (LiF) crystal spectrometer was selected for calibration. The K- 
lines of elements titanium through arsenic fall within the range of this crystal; thus, 
many calibration points are available. Subsequently, the crystal can be used to measure 
the L-lines of elements from about indium (at. no. 49) to about bismuth (at. no. 83). 

All measurements were made at an excitation potential of 20 kV. The room temperature 
was maintained at 21-22°C. Beam current measurements were made with a Faraday cup. The 
sample holder was connected directly to an electrometer followed by a digital voltmeter. 
Current measurements had to be as accurate as possible so that corrections could be made 
for current drift and changes from day to day. Beam current regulation was used for col- 
lecting all WDS data. Over a 1.5hr scanning time, drift was no greater than about 0.2% 
for a beam current of 5 x 107-8 A. With this current, the net integrated intensities for 
the K lines were a million counts or greater except for a few Kg lines, for which the 
lowest integrated intensity was about 575 000 counts. A 10 x 10um scanning raster was 
used to reduce sample contamination. 


Authors Marinenko and Myklebust are with the Center for Analytical Chemistry, National 
Bureau of Standards (NBS), Washington, DC 20234; Heinrich is the Chief of the Office of 
International Relations at NBS; and Fiori is with the Division of Research Services, Na- 
tional Institutes of Health, Bethesda, MD 20205. 
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FIG. 1.--Ratio of WDS integrated inten- FIG. 2.--A spectrum of the As Kg line recorded 


sity to corrected EDS integrated inten- on a MCA from a LiF spectrometer. 
sity as a function of peak energy for 
LiF crystal. 


The WDS spectra were collected in the multichannel scaling mode of a multichannel 
analyzer (MCA). There is sufficient MCA memory to store a single Ka or K§ x-ray line 
plus background on both sides of the peak (Fig. 2). This method of scanning with the 
MCA requires a very slow, careful pass through the peak. The resulting spectrum is 
stored on a floppy disk. The net (i.e., background-corrected) integrated-intensity value 
is determined from an average of several (usually 16 or more) acceptable integrated in- 
tensities. 

The dead-time setting used for collecting the WDS data was 0.5 us, which is approxi- 
mately the same as the electronic dead time for our instrument. The highest count rate 
observed was about 15 000 counts/s, for which the dead-time correction is less than 1%. 

No dead-time corrections have thus far been made; but this correction (within each chan- 
nel) will be made as we progress in our work. 

For each element, the EDS spectrum was recorded just after the WDS spectrum The 
beam current for the former was approximately 5 x 10°18 A and the live time was 500 s. 

Net integrated intensities were determined by two methods--a straight line or a calcu- 
lated background® fit. The net Ka integrated intensities obtained from the two methods 
differed by less than 1% and the K8§ integrated intensities sometimes by no more than 2-3%. 
For consistency the calculated background fit data were used in these calculations. Some 
overlap of the Ka and K8 peaks in EDS occurs for titanium, vanadium, and chromium; it is 
most serious for titanium. We do intend to correct for this overlap although only a small 
(1-2%) change in the calculated background fit is expected. All EDS integrated intensities 
were corrected for detector efficiency. 

The expression used to calculate each ratio is 


Twos! “gps/? p? 


where Iwps is the WDS net integrated intensity, Igps is the EDS net integrated intensity, 
and Pp is the EDS detector efficiency at the energy of the peak being measured. The x-ray 
absorption term for the sample, fp» cancels out as it appears in both numerator and de- 
nominator. 
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Results 


All EDS and WDS integrated intensities were normalized to the same beam current; WDS 
integrated intensities were normalized to a 1s interval per channel scan and EDS to a 
100 s accumulation period. The line drawn through the points (Fig. 1) is a least-squares 
fit of the data by a quadratic function which appears in the lower right of the figure. 
Reproducibility of repeated experiments on the same x-ray line (conducted on different 
days) is good (2-3%) except for the arsenic Ka and Kg lines (about 4%) which occur at the 
high-energy limit for the crystal. (This discrepancy is not understood at present.) 

With the LiF crystal calibrated, we now are collecting L-line data, with the same 
crystal spectrometer and with the MCA as described previously. Overlap between L-lines, 
such as the La-lines and the L8-lines of tungsten, is significant. A procedure is being 
developed to correct this overlap to obtain good integrated intensity values. Correc- 
tions to the L-line integrated intensities will then be made for crystal efficiency with 
the calibration curve and for sample absorption. The results should yield more accurate 
L-line intensity ratios than are presently available in the literature. 
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CORRECTION FOR SIMS MATRIX EFFECTS IN THE ANALYSIS OF HIGH As (>5%)/Se ALLOYS 
G. J. Scilla, R. W. LaForce and A. B. Fowler 


Quantitative analysis in Secondary Ion Mass Spectrometry (SIMS) is often difficult due 

to the large matrix effects inherent in the technique. This problem is particularly se- 
rious if the sample contains a constituent which is present at high concentration and 
which varies over a significant range. The matrix effects associated with the SIMS anal- 
ysis for As in As/Se alloys are so severe that quantitation of As at levels greater than 
5 atom % is not practical by standard analytical procedures. The analysis of As at levels 
below 5% has been previously reported.! This paper describes a new method that permits 
the quantitative analysis of As in Se at levels > 5%. This method should also be appli- 
cable to other SIMS analyses were severe matrix effects are encountered. 


Theory 


Recent work by DeLine et al. has demonstrated that when sputtering is accomplished 
by means of a reactive primary ion species (i.e., 05, O°, Cst) the SIMS matrix effect is 
attributable to variations in the matrix sputtering yield.2°2 Also, since the sputtering 
yield controls the concentration of implanted primary species,* the following relation- 
ship holds: 


n*/n® = (1/S,)* © [py* (1) 


where n=/n? = positive or negative secondary ion yield, S;, = linear sputtering rate, [P] = 
concentration of enhancing species (O for positive secondary ions, Cs for negative sec- 
ondary ions), and X is an experimentally determined constant for each ion species. In 
quantitative analysis by SIMS it is generally assumed that 
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where i is the positive or negative secondary ion current measured at the detector, C 
is concentration, and the subscripts A and M denote analyte and matrix, respectively. 
An expression for iy/ijj can be derived from Eq. (1): 
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It is therefore evident that Eq. (2) is not valid unless X, = Xy; if X, differs greatly 
from Xy, secondary ion intensity ratios must be corrected to yield quantitative results. 
The analytical procedure employed in our laboratory for the analysis of As in Se 

calls for monitoring the ?!As0-/8%Se7 secondary ion intensity ratio under !6Q” bombard- 
ment. (9!AsO- is used rather than 7°As~ for improved sensitivity.) If we consider the 
effects that oxygen can have on the formation of negative ions,° and the fact that mo- 
lecular oxide species are utilized in the analysis, we might expect that the exponential 
factors for these ions may differ significantly. If that is the case, a large matrix ef- 
fect would result if the sputter rate. (and thereby [oxygen]) is affected by changes in 
the As concentration. 


Experimental 


An Applied Research Laboratories IMMA interfaced to a DEC PDP-11/40 computer was em- 
ployed in this study. A 16Q- primary beam of 1.5 nA at 20 keV and beam diameter of 5 um 
is rastered over an area of 80 x 40 um. The computer system sequentially steps the sec- 
ondary magnet and collects data for each peak, integrating for 10 sec in the pulse- 
counting mode. The following negative secondary ions were monitored:!60-, ®9Se~, 9!Aso7, 
and 9&SeO0-. Standards of 5, 10 and 30 atom% As in Se were prepared and certified by XRF 
and EMPA. An unknown was analyzed by the IMMA and the results were compared with EMPA 
and TEM/EDXA analyses. All samples were cleaned by sputtering for at least 15 min prior 
to collecting data. A 40% electronic aperture was employed during data acquisition. 

The exponential factors for each analyte and matrix ion of interest were determined 
by measurement of the intensities of these ions (corrected for concentration) as a func- 
tion of the !®0- secondary ion intensity in each standard. Exponential factors for each 
ion species were also determined as funtion of !607/8%Se-, Since it is often impractical 
to measure changes in sputtering rate, variations in the exponential factor as a function 
of S; were not determined. The 16Q- signal and the !07/8Se” ratio in conjunction with 
the corresponding (X, - Xy) values were then utilized to correct secondary ion intensity 
ratios as shown in Eq. (5). 


Results 


The variation in secondary ion intensity as a function of !60- intensity is displayed 
in Fig. 1. The slopes (m) of these curves yield the exponential factors for each ion. 

As expected, molecular oxide ions are enhanced with increasing oxygen level. The produc- 
tion of the ®89Se~ ion is inhibited with increasing oxygen. 

The "calibration' curve for As in Se obtained from the uncorrected 21As07/2°Se7 
secondary ion intensity ratio is displayed in Fig. 2a; that corresponding to quantita- 
tion with ?!As07/9®Se0~, in Fig. 2b. The exponential factors obtained from Fig. 1 were 
then employed to correct these secondary ion intensity ratios. The corrected data are 
shown in Fig. 2c. Similar results were obtained when correction was accomplished by use 
of 16Q-/8Se- and the corresponding (X, - Xy) values to correct secondary ion intensity 
ratios. Table 1 displays the data obtained from comparative analyses of an unknown sam- 
ple of high-As alloy. 


TABLE 1.--Comparative analyses of high As in Se alloy. 


Technique Wt © As + 2 Sigma 

EMPA 34.3 + 1.5 (average 4 analyses) 
TEM/EDXA 34.4 + 1.0 

SIMS--no correction 4.9 + 0.4 (average 5 analyses) 
SIMS--correction procedure 34.5 + 3.3 (average 5 analyses) 


These data demonstrate that the correction procedure described in this paper is ef- 
fective in providing linear calibration curves with improved sensitivity for high con- 
centration As in Se alloys. This correction procedure yields accurate results with fair 
precision. The procedure has been shown valid for As in the concentration range 5-35 
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atom %. Below 5%, standard analytical procedures can be employed. 
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QUANTITATIVE X-RAY MICROANALYSIS ON SURFACES WITH UNKNOWN ORIENTATION 
J. C. Russ and T. M. Hare 


Conventional quantitative x-ray microanalysis requires knowledge of the local surface 
orientation, for calculation of the ZAF correction factors. For many real samples 

this parameter is at best difficult and sometimes impossible to measure. We present a 
new method that uses two sets of intensity values recorded at different, accurately mea- 
sured acceleration voltages, from which an iterative solution determines an effective 
x-ray takeoff angle that gives best agreement for the two data sets. No standards are 
used. Tests with metals and minerals show that the results are comparable with conven- 
tional calculations with known angles. 


Method 


In scanning electron microscopy with energy-dispersive analysis, samples are com- 
monly encountered with irregular surfaces, which may be locally flat so that quantita- 
tive corrections can be performed, but for which the local surface orientation is not 
known, Moll has described the equations for the case in which the stage tilt can be in- 
cremented to change the sample angle and the angles obtained from the parallax measure- 
ment.! Unfortunately, this method is limited to the case in which the surface has no 
tilt component perpendicular to the stage tilt direction, and hence is not generally ap- 
plicable. Furthermore, it is a difficult measurement to make accurately, especially at 
high magnifications where the area may be lost. 

The difficulties in measuring the surface orientation--mechanical complexity, im- 
precision, and the time required--led us to consider other ways to handle the problem. 
It seemed that measurement of x-ray intensities at two acceleration voltages should pro- 
vide a series of simultaneous equations of the ZAF relationships that could be solved to- 
gether for concentrations (and the angle). This method is iterative: we begin by assum- 
ing an arbitrary angle (we generally use 15°). Each set of intensities is carried through 
a complete ZAF calculation which includes oxygen by stoichiometry and a '"no-standards" 
normalization, The latter step is needed since standard intensities at all possible 
angles and voltages are not practically available, and in any case the fundamental para- 
meter calculations of relative pure intensity have been refined to the point where quite 
good routine results can be obtained. ? 

After concentrations have been calculated for each set of intensities, the assumed 
angle is changed (steps of 5° are adequate for the initial stages) and the calculations 
repeated. The goal is to find an angle at which the two sets of results agree, as de- 
fined by the minimization of the sum of squares of the concentration differences (SSD). 
After results for three angles have been computed, a parabolic "look-ahead" estimate is 
used to predict the angle yielding the minimum SSD. A parabola is fitted to the three 
points and its vertex is used for the next angle estimate. The three best (lowest SSD) 
points are used for the next iteration. When the minimum is found (when the change in 
predicted SSD or angle is less than a preset amount), the compositions calculated from 
each set of intensities are averaged, as the best estimate of concentrations. The angle 
is not of direct interest, except as a means of arriving at the composition. 

The calculations, which include fitting background and modified Gaussian peaks with 
least squares and a full ZAF computation, are programmed in BASIC for an APPLE microcom- 
puter. The optimized ZAF routine for each voltage and assumed angle takes from 1.5 min 
for the six-element-plus-oxygen clinopyroxene to less than 10 sec for the FeS 9 binary. 
Four to six iterations of estimated angle are generally needed. The total time is simi- 
lar to that needed to collect spectra at the two voltages. 


The authors are at the School of Engineering of North Carolina State University in 
Raleigh, NC 27607. 
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Testing 


The program was systematically tested by application to known specimens and known 
takeoff angles. Table 1 shows results for a mineral (clinopyroxene) measured at 16 and 
23° and at accelerating voltages of 9.9, 13, 17, 20, and 25 KV. The average results 
using a conventional no-standards ZAF approach for individual data sets, and those in 
which pairs of intensities measured at different voltages are used in the angle-itera- 
tion program, show a slightly greater error in the latter, which is due to the inclusion 
of poorer results when the voltages are both very high and close together. 

Table 2 shows results for a stainless steel, expected to present difficulties be- 
cause the principal elements are all very close together. Data measured at 13 and 23°, 
at 17, 22.5, 28, and 39 KV gave very good results both in a conventional no-standards 
ZAF program and, in pairs, in the angle-iteration method. However, we found that the 
SSD curve had a much flatter minimum in this case than for the mineral, and that a larg- 
er error in the angle was obtained. This finding is not of concern since the results 
for these higher energy lines are less sensitive to angle. 

Another mineral sample, an olivine, was analyzed repetitively to assess error sensi- 
tivity, Table 3 shows that for five measurements each at 17 and 23 KV, the variation in 
calculated concentrations is generally similar for the ten conventional ZAF computations 
and the twenty-five (all combinations) angle-iteration computations, and also to the 
purely statistical variation in intensities. Table 4 shows what happens when the average 
intensities are used in the angle-iteration program, but one of the voltages is changed 
by 500 V. The resulting errors are substantial; an accurately determined accelerating volt- 
age is urgently needed. 

Typical application to a real sample is shown in Fig. 1 and Table 5. The grain is 
iron pyrite (FeS.), and at each marked location intensities were measured at 16.9 and 
24.8 KV; they vary widely. We also found that the ratio of S to Fe P/B ratios, useful 
in some simple cases as partial compensation for irregular surface effects, varied on 
these faces by more than 3 to 1. The angle iteration method still gives useful results. 


Coneluston 


The method described for solving for concéntrations by iteration of an assumed take- 
off angle by means of two sets of intensity values measured at different accelerating 
voltages appears to offer a practical solution to the problem of obtaining results on 
irregular samples. It does not require measuring or knowing the local angle, and re- 
places the cumbersome and error-prone measurement of angle by the need for an accurate 
measurement of the accelerating voltages, which can be accomplished with comparative 
ease and good precision, and for most instruments need only be done once at each voltage 
for a series of samples or locations. 
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TABLE 2.--Stainless steels. 
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TABLE 3.--Olivine. 
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TABLE 4,--Olivine: Sensitivity to voltage error. 
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TABLE 5.-- Iron pyrite. 


Foint XS “re "“snadle" 
& S2.67 47.33 rh re 
BE 47,34 52.464 4aés 
C 56.74 43.26 Lae 
OG 53.30 46.79 77S 
E 84.37 49.63 Oe ee 
FF in snmadaw 

sver 2,88 47,12 


FIG. 1.--Iron pyrite specimen with letters indic- 
ating analyzed locations. 
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DETERMINATION OF THE EFFECTIVE TAKE-OFF ANGLE ON SCANNING ELECTRON MICROSCOPE ENERGY- 
DISPERSIVE X-RAY ANALYSIS SYSTEMS 


M. A. Parker and W. R. Warke 


A calibration procedure has been developed that permits rapid and accurate determination 
of the effective take-off angle on scanning electron microscope energy-dispersive x-ray 
analysis (SEM-EDX) systems. The method consisted of the measurement of the x-ray absorp- 
tion on an alloy of known composition, and the subsequent computation of the associated 
value of the effective take-off angle. The validity of the procedure was checked by use 
of the resulting values of the effective take-off angle for the analysis of a stainless- 
steel standard. 

Many analysts have attempted recently to employ the SEM-EDX system as a moderately 
accurate electron probe microanalyzer (EPMA) for quantitative analysis./ In many such 
systems, the detector/sample geometry is poorly defined, and often analysts tilt the 
specimen to reduce analysis time. A major difficulty encountered in such work is deter- 
mination of the effective take-off angles that are required for ZAF (atomic number, ab- 
sorption, and fluorescence) computations of the fluorescence and absorption corrections 
when the specimen is titled.*>° 


Experimental Setup 


A JEOL U3 SEM, Canberra SiLi detector and amplifier, and Tracor Northern NS 880 spec- 
tral analysis system constituted the analytical system. Chamber peaks were eliminated by 
use of a polepiece shield and a collimator over the EDS detector. Other precautions were 
taken to assure satisfaction of the conditions for quantitative analysis. 

The calibration standard was the W-20% Mo alloy standard reference material, SRM480, 
which can be obtained from the National Bureau of Standards. A cartridge brass (72.8% 

Cu and 27.1% Zn), SRM498, and a stainless steel (69.0% Fe, 18.6% Cr, 10.0% Ni, 1.6% Mn, 
and 0.5% Si) were used to verify the validity of the analytical procedure and the comput- 
ed values of the effective take-off angle. The La,g line of Mo was chosen, because it 
required a large absorption correction and the fluorescence correction factor was essen- 
tially unity. 


Caltbratton Method 


The absorption factor for the Mo La,8 was determined by A = C/kZ. The composition C 
was known; the intensity ratio k was measured; and the atomic number correction Z was cal- 
culated.t»° Since fluorescence correction for the Mo x-ray line was negligible, the re- 
sulting empirically determined value of the absorption correction depended directly on the 
specimen orientation with respect to the detector given by ag and the tilt of the speci- 
men relative to the electron beam 6. Philibert®*’ has demonstrated a simple dependence 
of the absorption correction on the effective take-off angle e€, which is a function of ag 
and 6. Solttion of Philibert's expression for csc e« resulted in a simple quadratic equa- 
tion giving csc e in terms of the empirical absorption correction. In a sense, the cali- 
bration was the converse of quantitative analysis. 

An alternate method relied on a calibration curve. The calibration curve was devel- 
oped by modification of the ZAF correction program to compute the intensity ratio as a 
function of csc ce. Once the intensity ratio was measured for a given stage tilt and de- 
tector position, the value of csc e« was read from the curve (Fig. 1). 


Authors Parker and Warke were with the IIT Department of Metallurgical Engineering, 
Chicago, ILL. Parker is now a materials scientist at IBM, Rochester, MN 55901; Warke, 
a research metallurgist at Standard Oil Co. (Ind.), Naperville, IL 60540. The support 
of IIT is gratefully acknowledged. 
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Results of Caltbratton 


The values of cse e€ were obtained for two 
250 stage tilts. The specimen was analyzed in a 
nominally untilted and tilted position, -2° + 
1° and 43° + 1°, respectively. The x-ray colli- 
200 mator defined a take-off angle og for the nearly 
perpendicular electron beam incidence; ag 
equaled 20° + 3°. The values of csc € for the 
150 untilted and tilted geometries were 3.47 + 0.23 
and 0.93 + 0.19, respectively. For the untilted 
geometry, this arrangement gave a take-off angle 
Sea of 17° + 2°; good agreement was obtained with 
the sum of ag and 6, 18° + 3°. Controversy re- 
garding the form of the dependence of the ef- 
.050 fective take-off angle on ag and 6 made a sim- 
ilar evaluation of accuracy at the tilted geom- 
etry difficult; 0.93 agreed qualitatively with 


- : direct computations of csc e.971 
0.0 . 0.0 


csce + 


Results of Stainless Steel and Brass Analyses 
FIG. 1.--Results of simulation of in- 
tensity ratio versus take-off angle 
e for acceleration potential of 25 kV. 


The criterion for acceptance of the calibra- 
tion procedure was that the analysis of a typi- 
cal engineering alloy should fall within the 
limits of acceptable quantitative results. 

These limits were +6% relative error for constituents greater than 20% (weight percent) 
and +10%, for the constituents less than 20%.!* It was also necessary for the alloy to 
exhibit strong absorption and fluorescence effects. Stainless steel was chosen, since 
Ni showed a strong absorption effect and Cr, a strong fluorescence effect. Brass was 
chosen to verify that the atomic number correction did not exhibit a strong dependence 
on tilt, since absorption and fluorescence effects were negligible for brass. Analyses 
were performed on these alloys at the previous untilted and tilted stage geometries. 

The analysis of the stainless steel satisfied the criterion. Before application of 
the ZAF corrections, the intensity ratios were taken as a first approximation of the com- 
position. A large positive relative error in Cr concentration indicated a strong fluores- 
cence effect; a large negative relative error in Ni, a strong absorption effect. After 
application of ZAF corrections which employed the calibrated values of csc e€, and normal- 
ization to a total concentration of 97.6% Cr, Fe, and Ni, the Cr and Ni concentrations 
fell within the limits of acceptance (Tables 1 and 2). 

A crucial assumption in the development of the calibration procedure was that the de- 
pendence of the atomic number correction Z on tilt was negligible.!° The results of the 
analysis verified the legitimacy of this assumption. After ZAF corrections and normali- 
zation to 100% total Cu and Zn concentrations, the analyses for Cu and Zn were well with- 
in acceptance limits (Tables 1 and 2). 


TABLE 1.--Estimates of composition, before and after ZAF corrections, of stainless-steel 
and cartridge brass standards for two stage tilts. 


Before ZAF After ZAF 


: 
Cr 23.6% 22.0% 19.3% 18.4% 
Stainless steel Fe 67.1 67.8 68.6 70.1 
| Ni ye 8.3 9.7 9.2 
7.4 66.5 73.8 


Cartridge brass 


66 


TABLE 2.--Relative errors in estimates 9f composition, before and after ZAF corrections, 
of stainless-steel and cartridge brass for two stage tilts. 


Before ZAF After ZAF 


o 
Cr y % 
Fe 
Ni 


Stainless steel 


Cartridge brass 
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5 


New Instrumentation and Techniques 


DEVELOPMENT OF AN ADVANCED ION MICROPROBE ANALYZER 


J. M. Gourgout 


It has been known for many years that the technique of secondary-ion mass spectroscopy 
(SIMS) is potentially one of the most sensitive and versatile analytical techniques for 
microscopic analysis. The first dedicated SIMS instruments were relatively low in re- 
solving power, sensitivity, and imaging performance. These instruments by no means ex- 
ploited the technique to the full, and their use did not spread very quickly. However, 
sufficient numbers were manufactured and used for the development of the technique to 
go on; and the first instrument of the second generation, the IMS 3F, shows marked im- 
provements. It is now possible to solve the frequently encountered problem of spectral 
interference between peaks from atomic ions and peaks from molecular ions. Sensitivity 
is now such that n-type phosphorus Copan in silicon-based electronic components can be 
detected down to concentrations of 101° atoms/cm?. The ion optics now give an ion image 
with a resolution of better than 1 um, a considerable aid in the viewing of the area of 
analysis. 

Automation and use of a minicomputer has made the operation of the instrument faster 
and much more convenient. Considerable progress has been made in the quantification of 
results, and the computing facilities will help with the work that still has to be car- 
ried out in this field. As always, there is room for improving the instrument facilities 
by the introduction of new accessories. Three accessories have recently become available: 
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FIG. 1.--IMS 3F vacuum system. FIG, 2,.--Primary-beam filtering. 
The author is with CAMECA, B.P. 6, F 92403 Courbevoie, France. 
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1. <A cryogenic pumping system (Fig. 1) in the specimen chamber, consisting of a liq- 
uid helium cooled plate that collects contaminant hydrogen, carbon, nitrogen, and oxygen 
molecules that strike it, thus reducing the partial pressure of these gases, and reducing 
their possible effects on the ionization process. 

2. A cesium ion gun that gives a higher secondary ion emission than the duoplasmatron 
gun for electronegative elements. 

3. Magnetic mass filtering of the ion beam from the gun. This technique was devised 
for two purposes. The first is to filter the primary ion beam so that only one type of 
ion reaches the specimen, so that, say, hydrogen ions are removed from an oxygen beam. 

The second purpose is achieved by mounting the duoplasmatron gun and the cesium gun on 

the magnetic filter (Fig. 2), so that by a mere reversal of the polarity of the magnet 

the gun may be switched from one ion source to the other. Thus the vacuum need not be 
broken whenever the ion source is changed and the electronegative and electropositive ele- 
ments can be analyzed consecutively under the best ionization conditions. 


If the dedicated SIMS instrument continues to be used in a widening field of applica- 
tions,it is essential for instrumental refinements to continue to be developed. 
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THE SCANNING PROTON MICROPROBE 
G. J. F. Legge 


Some basic principles of ion-atom interactions are reviewed as a way of discussing the 
characteristics and unique features of a scanning proton microprobe and assessing its 
potential. After a brief description of the instrument, examples are given of some ap- 
plications, including spot analysis, depth profiling, and scanning analysis with the Mel- 
bourne total data handling technique. This technique is applicable to all scanning probes 
and is of particular value with sensitive specimens. 

The basic requirement of any proton or nuclear microprobe to be used 01 sensitive 
microanalysis is a beam of protons or heavier ions with an energy of at least 1 MeV per 
nucleon and a focused spot size of the order of microns rather than the usual millimeters 
obtained for focused accelerator beams. The first such probe was developed at Harwell in 
1970.1 When the Melbourne Proton Micro Probe (MP) commenced operation eariy in 1976 there 
were then five operating focused proton microprobes.*»3 By 1977 this nuinber had grown to 
9; now there are at least 17 such probes and more are under construction. What are the 
reasons for this activity and what is the need for such instruments? What are the ulti- 
mately achievable goals for the proton microprobe? The instrument should be compared 
with the more familiar electron microprobe, for they have much in common; but the specif- 
ics in which they differ are of greatest interest to us, for they define the value and 
the fields of application. We first compare electron-induced x-ray emission (EIXE) with 
proton-induced x-ray emission (PIXE). 


Ion-Atom Interacttons 


(t) Iontzatton and Energy Requtrements. Figure 1 shows the cross sections for K-shell 
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me 10 FIG. 1.--Cross sections o 
= for ionization of K-shell 
O by protons and by electrons 
aS of mass M and energy E; m 
> is electronic mass and Ex 
(ab) 1s lonization energy. 
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ionization by protons and by electrons as a function of projectile energy. The scales 
are normalized to remove the dependence on ionization energy Ey and on projectile mass 
M. Unit energy U then corresponds to the classical electron orbital velocity. Compari- 
son of these two curves shows that protons and electrons of similar high velocities are 
equally efficient in ionizing the K-shell of target atoms. In this respect, a 10keV 
electron is the equivalent of an 18MeV proton. However, at velocities approaching the 
orbital electron velocities (U = 1) the electron-induced cross section falls to zero, 
whereas the proton-induced cross section peaks; and the proton continues to ionize at 
velocities well below the orbital velocity. Incoming electrons of suborbital velocities 
for the K-shell still deposit energy in the target by ionization or excitation of outer 
shells, although the resultant radiation may not be analytically useful. In contrast, 
it may be advantageous to use protons of suborbital velocity to minimize background ra- 
diation from other sources. Because of their similar Coulomb interactions, protons and 
electrons of the same velocity transfer energy to the target and produce radiation at 
Similar rates for most processes. The important exceptions are bremsstrahlung and nu- 
clear collisions, which we shall discuss separately. It is sometimes thought that high- 
energy protons damage a specimen more than the relatively low-energy electrons of the 
same velocity; however, a single proton produces many more ionizing events than a single 
electron. The only important parameter, useful ionizing events per energy lost, is 
similar for the two ions. The comparison is complicated by other factors that- cause the 
electron and proton probes to be operated at different beam velocities. We are not con- 
cerned with fluorescence yield in this comparison, because this factor is independent of 
the means of ionization. 


(tt) Bremsstrahlung and Sensitivity. The cross section per unit energy interval for 
production of bremsstrahlung is approximately inversely proportional to the square of the 
mass of the radiating ion. Consequently the background level from proton bremsstrahlung 
in PIXE analysis is more than six orders of magnitude below that from electron brems- 
strahlung in EIXE analysis, if ions of the same velocity are employed. The main source 
of background in PIXE analysis is secondary-electron bremsstrahlung. The large mass ra- 
tio between the proton and electron fortunately limits the fraction of energy transfer- 
able in their interaction, and the bremsstrahlung contribution from secondary electrons 
consequently decreases exponentially with increasing photon energy. In Fig. 2 we show a 
theoretical calculation of the total bremsstrahlung spectrum expected from 3MeV protons 
traversing a thin kapton foil compared with a spectrum measured on MP.* This is an ab 
solute comparison and the agreement is excellent except at energies above 10 keV, where 
nuclear radiation intervenes. At the top of Fig. 2 is shown the expected shape of the 
bremsstrahlung spectrum for EIXE. The ratio of these two backgrounds increases rapidly 
with x-ray energy. For light elements the peak-to-background ratio, and hence the ele- 
mental sensitivity, may be comparable for the electron and proton microprobes. However, 
the sensitivity of the proton microprobe is much greater for the important heavy metals 
and other heavy trace elements; it is about 1 ppm by weight. A typical proton micro- 
probe spectrum for a thin specimen is shown in Fig. 3, produced by a 0.25nA, 3MeV beam 
of protons for 5000 sec on a silicon cell in a 30um-thick epidermal strip of wheat leaf.° 
Even for thick rock specimens the peak-to-background ratio for rare earth detection is 
greater by a factor of 103 on the proton microprobe than on an electron microprobe. 
The absence of a high energy continuum in the proton microprobe means that fluorescence 
corrections are small, if needed at all. 


(ttt) Beam Penetration and Divergence tn a Specimen. For similar particle velocities, 
a proton beam has much greater penetrability than an electron beam, since the two beams 
have very different energies but similar rates of energy loss. The relatively large mass 
of the proton also results in much smaller deviation from the incident direction as a re- 
sult of scattering in the specimen. Measurements with thin foils have shown that the di- 
vergence of a proton microprobe beam can be accurately calculated from theory. ” Typically 
a beam of 3MeV protons loses only 260 keV in traversing 20 um of unit density biological 
material and spreads in diameter by only 0.6 um owing to multiple scattering. This result 
may be compared with a beam of 30keV electrons, which -has a range of only 20 um in the 
same material andspreads in diameter by more than 10 um.® Thus a proton microbe is ideal 
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for the study of thick specimens with optimum spatial resolution. 
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FIG, 2,--Experimental and theoretical FIG. 3.--X-ray spectrum from stltcon cell in 
spectrum of total bremsstrahlung from freeze-dried wheat leaf epidermis, produced by 


X-RAY ENERGY10 keV 15 


3MeV proton beam in thin target of 3MeV proton beam of 0.25 nA for 5000 sec. Ex- 
kapton. (Target is thick to secon- cept for Pb, all lines are K-radiation and, un- 
dary electrons whose contribution less labelled 8, are Ka. Si(Li) detector was 
dominates at low energies.) Dashed used with no coating on specimen. Background 
line shows shape of bremsstrahlung at high energies is about 1 ppm. 

spectrum from electron beam for com- 

parison. 


Ion Opttes and Construetton 


The Melbourne proton microprobe (MP) is shown in Fig. 4. A detailed description of 
this instrument has been given recently.* We shall mention here only the basic princi- 
ples of such an instrument. A nuclear accelerator is used to illuminate a 10-100um-diam. 
aperture with a monoenergetic proton beam selectable over the range 1-5 MeV. This aper- 
ture is then imaged on the specimen, usually by means of a single-stage compound lens of 
0.2-0.5 magnification. The beam spot size and hence the resolution is limited by lens 
aberrations. The cylindrical iron lenses employed for electrons are much too weak to 
handle protons of MeV energies. Therefore a combination lens of strong-focusing magnetic 
quadrupoles is usually employed. MP has a quadrupole quadruplet like the Harwell and 
Studsvik probes.?>.9 The Zurich, Hes ae lees and Karlsruhe probes have quadrupole doub- 
lets, two stages in the case of Zurich.!°-!2 As an alternative to quadrupole fields, 
some groups are trying superconducting magnets, for which similar resolutions are pre- 
dicted.+3 Three European probes have achieved 2-3um resolution.!4°?12°14 Work is now in 
progress on the MP lens system to improve on the present resolution of 3 um, 

The proton beam on MP can be scanned in two directions over a range of 2 mm and the 
specimen accurately located by means of an internal optical microscope and an external 
micrometer stage to an accuracy of 1 um. The clean ultra-high vacuum system is appropri- 
ate to trace-element analysis. The specimen plane is normal to the beam direction and 
the x-ray take-off angle of the Si(Li) detector is 135°. 


f2 


ed 


FIG. 4.--Melbourne proton micro- 
probe (MP). Energy-analyzing mag- 
net of accelerator is at extreme 
top left. Center of photo shows 
four magnetic quadrupole lenses 
preceded by sweep coils. Specimen 
chamber at right end of line has 
Si(Li) detector at 135°, binocular 
microscope at O° (thick specimens 
use stereo microscope through side 
window), and micrometer stage be- 
low chamber. 
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FIG. 5.--Spectrum of backscattered a particles; 
2MeV a beam from MP was channeled down axis of 
implanted Si wafer and scattered beam was ob- 

served at grazing (10°) angle of emergence. 
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Nuclear Scattering: Light Elements and Depth 
Profiling 


We have shown that the proton microprobe can 
detect trace elements by virtue of the very low 
background produced in PIXE analysis. Unless a 
windowless detector is used, this technique is re- 
stricted to elements of Z > 11. With thin biologi- 
cal specimens it is possible simultaneously to de- 
tect the light elements down to hydrogen by exam- 
ining the spectrum of protons scattered from the 
specimen at forward or backward angles.*’!5 The 
energy lost in scattering is a direct measure of 
the mass of the target atom and distinct peaks are 
observed in thin target spectra. With thick tar- 
gets the peaks broaden to overlap or become steps. 
However, these wide peaks or steps are indicative 
of the depth distribution of the corresponding 
atoms in the sample. It is thus possible, by back- 
scattering from a thick specimen, to measure nonde- 
structively depth profiles simultaneously for sev- 
eral elements in a small area. Figure 5 shows a 
good example of such a measurement on MP.!® To in- 
crease the depth sensitivity, a beam of 2MeV alpha 
particles was used. This measurement is particu- 
larly interesting because the beam was channelled 
down the crystal axis of the silicon substrate. 

The spectrum of Fig. 5 gives information on the 
depth distribution of implanted As and of a sur- 
face film of carbon, the thickness of an amorphous 
surface layer on the silicon, the degree of chan- 
neling, and the presence of a contaminant trace 
element. 


Nuclear Reacttons: Isotope Deteetton 


Although cross sections for nuclear 
reactions are much smaller than those for 
ionization or nuclear scattering, many re- 
actions are available to the various par- 
ticle beams and, since they are highly 
selective, they are particularly useful 
in identifying light elements in a thick 
heavy matrix. Most work of this nature 
with microbeams has been done at Harwell, 
where Be, B, C, N, 0, and Si profiles 
have been measured in metal specimens. 

A nuclear reaction is specific to an iso- 
tope rather than just an element Z or mass 
A. In theory a microprobe can be used to 
map the movement of nonradioactive (or 
radioactive) tracers, but the levels and 
cross sections involved generally make 
this procedure impractical. 


(%3V) NOWVYLNSDNOD QINASYV 


Seanning Analysts Total Data Handling 


MP was conceived from the start as an 
instrument with a major application to 
biological and medical problems. Much of 
the work involves elemental mapping, line 


16 scanning, or the collection of elemental 
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spectra for points or designated regions of a beam-sensitive specimen. We therefore de- 
veloped a technique that would permanently record and handle all data available from the 
specimen during a single analysis./® Scanning of the MP beam is done by magnetic coils 
ahead of the lens system (Fig. 4). These coils are driven by independent oscillators, 
and a storage oscilloscope is used to image the specimen for lining it up in the beam. 


MAP BEING DRAWN ON THE 
FACE OF THE STORAGE CRO. 
BY THE SCANNING ELECTRON BEAM 
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(a) (b) 
TO MP SWEEP COILS 
FIG. 6.--Schematic diagram of MP scanning-analysis system, showing (a) basic system 
similar to that of scanning electron microscope, and (b) additions to basic system that 
enable simultaneous recording of all information. 


The oscilloscope is driven by the same oscillators and triggered by the x-ray detector 
(Fig. 6a). The energy signal from the x-ray detector and the two oscillator signals are 
also fed to the analog-to-digital converters of an on-line PDP 11/40 computer (Fig. 6b). 
Once a run is started, each x-ray event triggers the recording of the x-ray energy value 
together with the corresponding values of the X and Y beam displacements. As the data 
come in they are stored on magnetic tape. At any time after run termination, the data 
can be sorted onto a magnetic disk for rapid access. We can then project on the computer 
display screen a map or line scan of any element or a spectrum of any region within the 
analyzed area. With this system no data are thrown away, no resolution is lost, and a 
vast amount of information is available for immediate or later examination and intercom- 
parison. 

An example of some data from the Melbourne system is shown in Fig. 7: four of the 
many elemental maps and spectra displayed by the computer after a single scanning opera- 
tion on a section of wheat seed.!% The specimen was fairly uniform in density over this 
lmm* region, as indicated by a map of bremsstrahlung, in contrast to the structure ap- 
parent in the elemental maps shown here. The contrast in these maps also serves to em- 
phasize the excellent peak-to-background ratio obtained for the trace elements. 
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FIG. 7.--Maps of (left to right) K, Mn, Fe, and Zn distributions in thin transverse sec- 
tion of wheat seed, showing strong concentrations of trace metals in or around embryo 
(top half of scan). Kink in aleurone layer at right is from microtome. Area of scan 

is 1 mm?, These and other maps were extracted by computer from data for all elements 
collected simultaneously. 


Measurement of Elemental Losses 


Proton microprobe analysis is a nondestructive technique in the same sense as elec- 
tron microprobe analysis, but both techniques can cause physical damage and, more seri- 
ious loss of elements under adverse conditions. Because the Melbourne system gives a 
complete record of the data as they were collected, it is used to detect losses of ele- 
ments by a study of the PIXE and scattering yields as a function of beam charge collected; 
the digitized charge pulses are also stored by the system.?9 Figure 8 shows a computer 
display of such elemental loss under deliberately 
induced extreme conditions. A beam of 3MeV pro- 
BREMSSTRAHLUNG tons was run unscanned on a 12um spot at a cur- 
rent of 10 nA instead of the usual 0.1-1 nA. The 
specimen was a Sum-thick section of freeze-dried 
Mougeotta (a filamentous alga) embedded in Spur's 
resin. The support was a nylon foil and no cold 
stage or coating was used. The initial rate of 
chlorine loss was very rapid under these extreme 
conditions, in contrast to the stability of the 
mass indicated by the bremsstrahlung. Note that 
half the chlorine disappeared in the first 4.5 
sec after the beam hit the specimen. Periodic 
inspection of the spectrum by the operator would 
have revealed only a very gradual loss of chlo- 
rine. 


COUNTS PER CHANNEL 


Potenttal of the Seanning Proton Microprobe 


We have reviewed the fundamental bases of 
proton microprobe analysis, the current state of 
CHANNEL NUMBER instrumental development, and the development of 
a special scanning analysis technique. The main 
potential of the scanning proton microprobe in 
nondestructive analysis lies in its sensitivity, 
its deep penetration with minimum loss of spatial 
resolution, and its ability, when fully instrumen- 
ted, to collect and analyze a vast amount of quan- 
titative data from one exposure of the specimen. 
However, some of. this instrumentation is adap- 
table to the scanning-electron microprobe. The sensitivity would remain as a fundamental 
advantage of the proton instrument and its future appears to lie in trace elemental micro- 
analysis. Big technological improvements must be made before the proton instruments can 
hope to equal the electron instruments in spatial resolution of thin specimens--improve- 
ments in ion source brightness, in accelerator optics and stability, and in strong-lens 


FIG. 8.--Yield of chlorine and brems- 
strahlung (mass) x-rays from 5ym sec- 
tion of Mougeotta as function of beam 
charge, for extreme beam conditions 
(10 nA unscanned). Scale is effec- 
tively 1.5 sec/channel. 
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design. Even then the electron microprobe is likely to remain as the standard in-house 

instrument for most studies of the major elements in a sample. A rapid increase in the 

number of scanning proton microprobes should make them increasingly accessible for trace 
elemental studies. 
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PLANAR MICROMETROLOGY IN THE SEM 


Stephen Jensen 


Accurate dimensional measurements in the scanning electron microscope (SEM) of lateral 
features on planar structures and particles are becoming increasingly important. Min- 
iaturization in a number of industries--most notably the electronics industry--has led 
to an increasing need for dimensional metrology at micrometer and submicrometer dimen- 
sions. Planar micrometrology currently consists of poorly defined and characterized 
techniques for measurement. Dimensional measurements made with the SEM generally employ 
the indicated SEM magnification as a calibration reference without verification of its 
accuracy. The resulting uncertainty combines with image formation in the SEM to produce 
Significant systematic measurement errors. Two measurement techniques using the SEM are 
described. One is a comparison method in which the SEM image of the object to be cali- 
brated is compared with the image of a previously calibrated artifact. The second em- 
ploys optical interferometry to measure the translation of an object beneath a static 
electron beam in an SEM, 


Measurement Process 


The linear dimensions of a planar object in an SEM are measured by a two-step pro- 
cess that entails (1) locating the edges of the object and (2) measuring the distance 
between these edges. Edge location involves establishing an intensity level of the de- 
tected signal (e.g., secondary electrons) as being the position in the SEM image that 
corresponds to the geometric object edge. This position lies within the transition re- 
gion that defines the image boundary. The difference between the position of the edge- 
as-located and the geometric edge is a distance & and is a complex function of instrum- 
ent and technique variables. 

Three kinds of linear dimensional measurements are possible: displacement, spacing, 
and length. Each involves edge-location and distance-measurement operations. In a dis- 
placement measurement, a single edge in the SEM image of an object is located and the 
corresponding position P; noted. The object is then translated. The same edge is relo- 
cated and the new position of the edge Py is determined. The distance the edge has moved 
constitutes the displacement measurement. Since only one edge is measured, the edge lo- 
cation error 6 is repeated at both image positions and cancels when the displacement D 
is measured: 


D= (Pp + 5) - (Py, + 6) = (Po - Py) (1) 


For a spacing measurement, two similarly facing edges are located and the distance 
between them is measured. Since the edges face the same direction, the sign of the two 
edge location errors in the SEM image is the same. Also, to first order, the magnitude 
of the edge location error at each edge is the same. If the measured positions and edge 
location errors for these two edges are denoted by P,, 6, and Py, dS» then the spacing 
measurement S is 


S = (Po + do) - (Py + 63) = (Po - Pi) + (82 - 83) = (Pa - Py) (2) 


Illustrations of spacing measurements include the measurement of distances between 
SEM stage micrometer graduations and diffraction grating replica lines. A spacing mea- 
surement is made whenever the distance between two similar objects is measured, as shown 
in Fig. 1 for linespacing measurements. 

In a length measurement, two oppositely facing edges are located and the distance be- 
tween them is measured. Since the edges face in opposite directions, the signs of the 
two edge location errors are opposite. If the two edges have positions and edge loca- 
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tion errors of P;, 6, and Po, 65, respec- 
tively, the measured length L is 


L =(Po2 + 65) ~ (Py - $1) = (Pp - P,) + (85 + 5) 
SYMMETRY IN LINEWIDTH AND LINESPACING = (Py - Py) + 26 (3) 


A length measurement is made whenever 
the size or width of a single object is de- 
termined. Examples of length measurements 
include linewidth and particle size measure- 
ments. For length measurements, the edge 
location errors add rather than subtract as 
was the case for spacing measurements. The 
distinction between a linewidth and a line- 
Spacing is illustrated in Fig. 1 for the case 
of both low-quality and high-quality images 
indicative of large and small edge-location 
errors, respectively. The measured linespac- 
ings are equal for both images, whereas the 
linewidth measurements differ and depend on 
the edge location errors. 

In order to perform a measurement of 
length, spacing, or displacement, a calibra- 
tion process through which the dimensions of 
the object being measured are referenced to 
the standard of length! is required. This 
calibration may be done indirectly through 
the use of comparator methods or may be per- 
formed directly through the use of optical 
interferometry, where the standard is the 
wavelength of the laser employed with the 
interferometer. 

Comparator methods consist of a ratio technique, in which the object to be calibrated 
(the unknown) is compared with some reference standard which has been previously cali- 
brated. The reference standard may be either a known spacing or a known length. The 
comparison may be made directly by imaging of both the unknown and the reference stan- 
dard in the SEM at the same time, or may be done indirectly by calibration of the magni- 
fication of the SEM with a spacing reference standard. 

There are four possible cases to consider in comparator measurements, since both the 
unknown and the reference standard may be either a spacing or a length. Each case gives 
rise to a different measurement error involving the edge location errors. In the dis- 
cussion that follows, object dimensions are indicated by small letters, image dimensions 
by capital letters, unknown dimensions by the subscript x and superscript primes, and 
known (reference standard) dimensions by the subscript o. Edge location errors and po- 
sition in the SEM image are denoted by & and P, respectively. The comparator process 
consists of ratioing the measured dimensions of the images for both the unknown and the 
known (reference) objects: 


LINESPACING 


FIG. 1.--Linespacing vs linewidth mea- 
surements for low- and high-quality 
images. 


Unknown Object Dimension _ Unknown Image Dimension 
Sp ee Te (4) 
Known Object Dimension Known Image Dimension 


For the comparison of an unknown spacing sy to a known spacing Ss, Eq. (4) becomes 


Se Be eet (5) 
oO 
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and the error introduced by the comparison measurement is zero since the edge location 
errors cancel to first order. 

For the comparison of an unknown spacing s, to a known length 2) as would be the 
case if latex spheres were used as the reference standards the measurement is 


S 
SO ap (6) 
O 


The comparison of an unknown length 2, to a known spacing Sp, will result in a similar 
error 


—_———- 


Q 7 (Pat = Py") + (6g" #04") Le #26" L (. 25") = 


The comparison of an unknown length 2, to a known length a results in an error of 
more complicated form: 


ns t ! 1 too 
Le _ (P5 1 ) + (S5 + 84 ) : L + 26 ? L E : 2(L,6 L | (8) 
= Pp 
Ae (P5 1) + (85 + 64) Ly 26 Lo L Lo 


Equations (5)-(8) illustrate the manifestations of the edge location errors for dif- 
ferent types of comparator measurements. The significance of these errors is described 
in greater detail elsewhere.? 


Comparator Measurements in the SEM 


The use of a comparator method to measure planar dimensions of objects is by far the 
most common method employed in the SEM. The comparison of the unknown to the reference 
standard may be performed by imaging of the two in the SEM either simultaneously or se- 
quentially. An example of simultaneous imaging is the measurement of the diameters of 
particles mounted on a diffraction grating replica (the reference standard). Sequential 
measurements , in which the unknown and standard are imaged separately, suffer from the 
fact that operating conditions influencing magnification may be different for the two 
images produced. 

The uncertainty of comparator measurements depends on both the calibration uncertain- 
ty of the reference standard and the image formation and edge definition process in the 
SEM. Image formation in the SEM is an important source for both systematic and random 
errors. The errors associated with image formation errors have been reviewed by several 
authors.?-° Possible sources for error include: 


Uncorrected lens astigmatism 

Extraneous magnetic and electrostatic fields 

High-voltage supply instabilities in the electron gun 
Nonorthogonal deflection by the scan coils 

Unbalanced and/or nonlinear scan generator circuits 

Signal processing 

CRT beam distortions and curvature of the CRT face 

Camera lens distortion 

Expansion, contraction, and processing of photographic materials 
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All of these contribute to changes in apparent magnification and to image distortion. 
Image distortion may be checked by micrographs of periodic structures such as diffraction 
grating replicas. The field of SEM photogrammetry provides abundant illustration of the 
measurement and correction of image distortion.°’® The distortion need not be in the SEM 
itself since the CRT may introduce nonlinearities as large as 16%.+ The effects of image 
distortion may be minimized by measurement of the known and unknown at the same position 
in the SEM image. The spacings or widths of the reference standard should be near in size 
to the dimensions of the unknown so that they may both be imaged in the same part of the 
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SEM field of view. 

The indicated magnification of the SEM can be in error by an amount typically be- 
tween 10 and 30%,° which shows the need for calibration with a reference standard if 
dimensional measurements with uncertainties smaller than 30% are desired. Possible 
sources for change in apparent magnification include electron beam voltage, lens hys- 
teresis, working distance, and objective lens setting. The influence of these para- 
meters on apparent magnification of the SEM must be determined if accurate dimensional 
measurements are to be made by use of the indicated SEM magnification. Once that is 
done, there is no assurance that the magnification will remain constant with time. Fig- 
ure 2 shows an example of the variation of apparent magnification of an SEM with time. 
It shows measurements on the 2, 5, and 50yum spacings of the control standard for the 
National Bureau of Standards (NBS) Standard Reference Material (SRM) #484 (an SEM mag- 
nification standard).?’’ Measurements were made on 70 different dates over a period of 
l yr under experimental conditions as nearly identical as possible. Changes as large 
as 6% are present, which shows that in the more routine operation of an SEM the apparent 
magnification is generally reliable only to about 10% even though the magnification has 
once been calibrated with a reference standard. This uncertainty illustrates the impor- 
tance of simultaneous imaging and comparison of the unknown and the reference standard 
if accurate dimensional measurements are to be made in an SEM. 
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FIG. 2.--Change in magnification of FIG. 3.--Use of scanning stage and optical inter- 
SEM as function of time over 1 yr. ferometer in SEM for dimensional measurements. 


Error bars indicate measurement un- 
certainty for each spacing. (Cour- 
tesy David Ballard, NBS). 


Interferometer-based Measurements tn the SEM 


Dimensional measurements by optical interferometry in an SEM date back at least to 
1970.8 Typical operation is shown in Fig. 3. A plane mirror or corner cube reflector 
is mounted on the translating stage and forms the moving arm of a two-axis interfero- 
meter. As the stage moves the specimen is scanned beneath the static electron beam and 
the signal produced by the electron-specimen interaction is collected along with the sam- 
ple position as determined by the interferometer. The data then consist of a set of x, 
I pairs where x is the sample position and I is the signal intensity. This intensity 
may be the detected secondary, backscattered, or Auger electrons. Since x is known di- 
rectly in terms of the interferometer laser wavelength, calibration measurements may be 
performed directly on the unknown without resort to reference standards. 

One facility illustrating the use of optical interferometry for dimensional measure- 
ments in an SEM is the microlength calibrating electron probe (MCEP) at NBS. Figure 4 
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shows a block diagram of the facility, 
ELECTRON which is built around a UHV SEM? with 


Coan Boe Schon a field-emission source. The modified 
D/A SEM incorporates a piezo-flex stage!? 
CONVERTER | and an optical interferometer!! inside 
ANNULAR the vacuum chamber. The stage consists 
BSE DETECTOR of a stack of piezoelectric ceramic 
cae i disks and a flexure-pivot network to 
AID amplify the expansion or contraction of 


CONVERTER the disks. 


SECONDARY 


A total scan of 110 um is 
ELECTRON 


possible with roll, pitch, and yaw each 
DETECTOR less than 5 arc-seconds. The interfero- 
TO meter is a modified Michelson interfero- 

COMPUTER meter and is used with a commercial laser 

measurement system.!2 Secondary, back- 


scattered, or Auger electrons may be de- 


aaa tected as the specimen is scanned beneath 
eth e <r EoMeren the static electron beam. Data acquisi- 

ae tion as well as stage scanning are under 
control of a minicomputer. The MCEP is 


capable of providing calibrations for 
lateral dimensions on objects between 


_ LASER 0.1 and 100 um in length with a measure- 
GNOTION ment uncertainty as small as 0.01 um. 
FROM COMPUTER Since a static electron beam is em- 


| GENERATOR ; 
ployed, image distortion and magnifica- 
tion errors associated with comparator 
measurements that use a raster-scanned 
FIG. 4.--Block diagram of NBS microlength cali- electron beam are avoided. There are, 
brating electron probe (MCEP). however, a number of sources for cali- 
bration uncertainty in such systems: 


Electron beam size and stability 

Roll, pitch, and yaw of the stage scan 

Specimen or interferometer misalignment relative to the stage scan axis 
Stage and interferometer vibration 

Interferometer/laser measurement system resolution 
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The sharpness possible in scanned image profiles is limited by both the size and sta- 
bility of the electron beam, which combine to produce an effective beam spot size. The 
MCEP has a beam size of 5 nm (FWHM) and a positional stability of 4 nm over 20 sec. 

Items (2) and (3) can produce scale factor (cosine) errors as well as additive (sine) 
errors. These errors are generally quite small and for a well-aligned system with a 

good scanning stage such as the one employed in the MCEP typically give errors less than 
10 nm for measurements on micrometer-sized objects. Interferometer and stage vibrations 
act along with (1) to limit the sharpness of scanned image profiles. Item (5) determines 
the least count (and hence the resolution) for the x axis of a calibration scan. A prac- 
tical least count of 2 nm is possible with the commercially available equipment employed 
in the MCEP. 


Caltbrattion Standards 


Several structures with calibrated dimensions smaller than 10 um are commercially 
available for use as reference standards in the SEM. Most of them consist of calibrated 
spacings although a few have calibrated widths. Commercially available calibrated spac- 
ings in approximate order of decreasing size include optical stage micrometers, NBS SRM 
484, and diffraction grating replicas. Calibrated widths include NBS SRM 474 and polymer 
spheres. The sizes and uncertainties for these commercially available objects are sum- 
marized in Fig. 5, where the calibration uncertainty is plotted as a function of the 
Spacing (or width) of the reference standard. 
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Optical stage micrometers have 
calibrated spacings as small as 2 um. 
They generally consist of patterned 
metal lines on a glass substrate and 
should be carbon coated to minimize 
charging in the SEM. Mogt have cali- 
brations that are traceable to the 
NBS Line Standard Interferometer, /3 
An accurately calibrated optical stage 
micrometer is included as part of NBS 
SRM 474 (a photomask linewidth stan- 
dard).’?!* The spacings range between 
2 and 10 um with uncertainties of 0.02 
© STAGE MICROMETER} um.!> A stage micrometer specifically 
¢ POLYMER SPHERES wees for use in the SEM is NBS SRM 

84.°’" The surface of the standard is 
@ GRATING REPLICAS a polished cross section consisting of 
x NBS SRM 474 alternating lines of gold and nickel. 
* NBS SRM 484A The standard has seven lines of gold 
+ CATALASE LATTICE] (0.04-0.08 um wide) separated by thick- 
nesses of nickel ranging from 1 to 20 
um. Spacings of 1, 2, 3, 5, and 50 um 
are calibrated with uncertainties of 
0.01 0.1 1 18 0.039 and 0.476 um for spacings smaller 

DISPLACEMENT (Gum and larger than 5 um, respectively. 

Calibration of these standards is also 
traceable to the NBS Line Standard In- 
terferometer. 

The most useful diffraction grating 
replicas for the SEM are gold replicas. 
They are commercially marketed as mag- 
nification standards for scanning micro- 
scopes .7® These cross-ruled diffraction grating replicas have spacings of 0.46 um (2160 
lines/mm) and 50 um (19.7 lines/mm) and offer reasonable contrast when imaged in the SEM. 
No information is provided with the replica regarding its calibration uncertainty. Ir- 
regularities up to 0.05 um in the edges of individual grooves of the replicas are probably 
the most significant source for uncertainty in the use of these replicas as spacing refer- 
ence standards on the micrometer scale. 

Calibrated linewidths are provided by NBS SRM 474 for both clear (glass) and opaque 
(chrome) lines rangers in size from 0.5 to 10 um. The associated calibration uncertain- 
ties are 0.05 um. A second calibrated-width standard is monodisperse polymer spheres. 
These spheres are available from a number of domestic suppliers!’ and have calibrated di- 
ameters ranging from 0.08 to 100 um. Spheres smaller than 2 um have a diameter uncer- 
tainty of about 0.01 um; those larger than about 2 um have considerably larger uncertain- 
ties. The calibration uncertainty is due in part to the distribution in size of spheres 
in a given (supposedly monodisperse) sample.* Since these spheres are composed of poly- 
mer material and are thus nonconducting they should be coated for imaging in the SEM. 

Standards for the SEM with a calibration uncertainty of about 1% are needed through- 
out the range from 0.01 to 1 um. Except for a few of the standards listed above, commer- 
cially available length and spacing standards on a submicrometer scale do not exist at 
present. A promising means for the development of such standards Deed 0.1 and 1 um is 
through new lithographic techniques such as x-ray and STEM PAE SUNY: 18 For dimensions 
smaller than 0.1 um, structures fabricated by molecular beam epitaxy 129 hold considerable 
promise. 
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FIG. 5.--Commercially available SEM reference 
standards for dimensions less than 10 um. 
Calibration uncertainty is plotted as func- 
tion of standard size. 


Modeling 


Edge location errors 6 can play a significant role in determining the ultimate uncer- 
tainty in a dimensional calibration and are an important source for systematic errors in 
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both comparator and interferometer-based measurements. One may minimize these errors 

by either improving the image resolution or by modeling the electron-specimen interac- 
tion process. Improved image resolution results in a smaller "fuzzy" region of transi- 
tion between the object and the substrate (or background material). If this "fuzzy" 
region is made narrower, the potential edge location errors 6 are also correspondingly 
decreased since the edges are located in this region. Alternatively, the electron- 
specimen interaction may be modeled and theoretical profiles generated for the detected 
electron signal-intensity as a function of position. In that way one may gain insight 
into the scatering process and may hope to locate more accurately the geometric speci- 
men edge within the transition region of the image. Methods used to calculate electron- 
specimen interaction mechanisms are described by Wells*9 and include transport equations, 
diffusion models, single-event backscattering models, and Monte Carlo methods. Monte 
Carlo methods find the widest application and are reviewed by Kyser.?! Part of the ap- 
peal of Monte Carlo methods is the fact that they calculate typical electron trajectories 
and may be easily applied to arbitrary specimen geometries. 

Work is needed both in the modeling of the electron-specimen interaction process and 
in the comparison of calculations to experimental measurements. The use of the SEM for 
dimensional measurements of planar structures on a submicrometer scale depends both on 
the success of such modeling and on the availability of reference standards for these 
dimensions. 
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THE SIMS II: A NEW APPROACH TO SIMS ANALYSIS 
B. F, Phillips and R. L. Gerlach 


Recently the field of Quadrupole Secondary Ion Mass Spectrometry (QSIMS) has grown rap- 
idly. Since the introduction of the Applied Research Laboratories QMAS in 1975,! the 
designs and experiments of Magee* of RCA Laboratories and related developments have led 
to recognition of QSIMS as an analytical technique with high potential for surface stud- 
ies. First, compact primary ion guns have been developed which can form beams of a small 
enough diameter so that individual features on specimens can be analyzed. Second, the 
action of secondary-ion-extraction lenses and energy filters used in conjunction with 
quadrupole mass spectrometers have become better understood. Third, the instrument con- 
trol and data acquisition systems have shown great improvement in capabilities over the 
past several years. 

With the introduction of the Physical Electronics Model 3500 SIMS II, the factors 
mentioned above have been blended together to produce an instrument that truly represents 
a major advance in SIMS analysis. This SIMS can be mounted in combination with Auger, 
ESCA, and UPS spectrometers, so that all analyses can be performed on the same area of 
a specimen. Figure 1 shows some of the important features of the SIMS II. The secondary- 
ion-extraction lens and oxygen gas jet can be moved over a 2.5in. range with the linear- 

motion micrometer, so that the best lens 
position for ion extraction can be used 
when SIMS only is used and then the lens 
can be retracted for optimum AES and/or 
ESCA analysis. The tilt motion allows the 
whole spectrometer to be moved so that the 
focal points for AES, ESCA, SIMS, and the 
LINEAR MOTION MICROMETER = primary-ion gun can all be made to coincide 
on the sample surface. The 90° section 
LEAK VALVE 


spherical capacitor energy analyzer sorts 
TILT ee 
ELECTRON MULTIPLIER 


the secondary ion beam by energy so that 
—— =) 


only ions that match the energy acceptance 
of the quadrupole are transmitted. The 
continuous dynode electron multiplier is 
mounted off axis to reduce susceptibility 

to noise induced by neutral or high-energy 
particles. Also, signal gating before ions 
enter the spherical-sector energy analyzer 
insures that "crater wall" effects are mini- 
mized during depth profiling. In addition, 


SPHERICAL CAPACITOR ae a the quadrupole mass spectrometer is designed 
ENERGY ANALYZER so that mass ranges of 1-250, 1-500 or 2-1000 
8.25” (21 cm] can be covered by simple substitution of the 
STANDARD 4'2” 0.0. PORT FLANGE TO corresponding rf-tuning units. 
(2'%" |.D.) SAMPLE As an example of the capabilities of 
H this system, which has a high ion trans- 
EXTRACTION LENS aS mission with high mass-resolving power, NBS 
Standard Reference Material No. 613 was 
GAS JET analyzed (Fig. 2). SRM No. 613 is a glass 
of nominal composition 72% Si0., 12% CaO, 
FIG. 1.--SIMS II spectrometer outline. 14% Naj9O, and 2% Alj03 with 50 ppm of 61 


Author Phillips is a senior laboratory scientist with the Surface Sciences Division 
Laboratories of Perkin-Elmer Corp. and Dr. Gerlach is a senior project scientist with 
the Perkin-Elmer Physical Electronics Division, Eden Prairie, MN 55344. 
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other elements added. Note the particular peaks identified in the spectrum, especially 

in the high-mass range. This spectrum illustrates two points: the ability to use the 
scanning electron beam of the Auger spectrometer to provide sample surface charge neutral- 
ization and the high sensitivity at high mass range of the SIMS II. 
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The second example (Fig. 3) is an anal- 
ysis of an Si film after an overlayer of Al 
has been sputtered away, Note particularly 
the absence of any Al peaks and the extrem- 
ely low levels of the alkali elements (Li, 
Na, K) in these spectra, It is apparent 
that hydrocarbon ions seen in the upper 
spectrum are a function of the oxygen jet 
interacting with residual C-containing 
species in the vacuum and not the specimen 
itself. 

The SIMS II is designed to be integra- 
ted into the Physical Electronics MACS 
(Multiple-technique Analytical Computer 
System) with both the SIMS and quadrupole 
under direct digital control of the compu- 


Si. 
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ter. All spectrometer voltages are adjust- ATOMIC MASS UNITS 
able from the graphics display terminal and 
software control of instrument set-up and FIG, 3.--Si substrate under Al film. 


operation modes has been developed. 

In conclusion, the SIMS II is presented as an instrument of great capability that 
can be used in combination with other techniques to provide a complete characterization 
of both material surfaces and depth profiles. 
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THE USE OF CHARGE-COUPLED DEVICES FOR DIRECT ELECTRON RECORDING 
J. N. Chapman, R. P. Ferrier, A. M. MacLeod, and P. T. E. Roberts 


Introductton 


There is a need in electron microscopy for a parallel recording system capable of direct 
electronic readout. In the conventional transmission electron microscope (CTEM) images 
are generally viewed on a phosphor screen, yet frequently the current density there is 
inadequate to observe fine detail or even on occasions to determine whether an object of 
interest is present. Such instances arise, for example, in the investigation of magnetic 
structures by Lorentz microscopy, due to stringent coherence requirements, and in the ob- 
servation of 'weak-beam' images of dislocations. A more serious deficiency of the phos- 
phor screen is that images may only be observed while the specimen is being irradiated, 

a grave limitation in the examination of radiation-sensitive materials. Further disad- 
vantages arise when a CTEM image is to be recorded. Photographic film offers a high in- 
formation-storage density, but it has a limited dynamic range: it responds linearly only 
over a part of it. Access to the recorded image is only available after development and 
fixation, and even then the information is present in an analog form unsuitable for image 
analysis by digital computer. To obtain quantitative electron intensity data a further 
stage involving a microdensitometer is required, so that the whole process of obtaining 
information from the CTEM in a suitable form for image processing is time consuming and 
remote from the microscope itself. 

The scanning transmission electron microscope (STEM) has the advantage that in imag- 
ing mode the intensity information from bright- or dark-field detectors is available di- 
rectly. Recently experimental and theoretical studies of new forms of detector, e.g., 
split,! quadrant ,* and multi-annular,? have been carried out with the aim of obtaining 
information of more direct relevance to any particular structural feature under investi- 
gation. Such detectors are normally placed in the far field and it is advantageous if 
the effective angle which they subtend at the specimen can be varied over a wide range. 

It would be extremely useful if a direct output 2-D detector array could be utilized, the 
information from which would be processed to provide the set of signals appropriate to 
the form of detector to be simulated. 

One system+ that overcomes some of the disadvantages discussed above uses a low-light- 
level TV technique involving electron-photon conversion and the subsequent digitization of 
the output of the TV camera. A simpler approach we have been evaluating is to use a multi- 
element semiconductor device on which the electrons are directly incident and which pro- 
vides a signal proportional to the number of electrons received. Devices that may be suit- 
able in this context include self-scanned photodiode arrays (SSPDAs) and charge-coupled de- 
vices (CCDs). An investigation of the suitability of the former has been carried out?; 
the use of the latter in direct-bombardment mode with electrons of much lower energies 
than those of interest in the electron microscope has also been studied.®’’ In this paper 
we examine the use of CCDs as a recording medium for electrons in the range 20-100 keV. 


Expertmental Results 


Commercial CCDs and SSPDAs are designed for photon rather than electron imaging. 
When a photon is incident on one of the cells of the device, an electron-hole pair is 
produced and the electron is stored in a potential well. After a preset time the con- 
tents of the wells are interrogated and the output signal comprises a series of voltage 
pulses proportional to the number of photons incident on each cell. When electrons of 


The authors are at the Department of Natural Philosophy, University of Glasgow, 
Glasgow, Scotland G12 8QQ. They acknowledge the helpful discussions with E. H. Darling- 
ton; and author Roberts also acknowledges the support of Kratos Ltd. and of the Science 
Research Council through a CASE studentship. 
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energy 20-100 keV are incident directly (after the protective optically transparent cover 
has been removed) on such devices, the principal difference is that rather than one elec- 
tron-hole pair being produced, each incident electron creates several thousand such pairs, 
the exact number depending on the incident electron energy and the device geometry. Thus, 
under direct electron bombardment, the device itself has a high intrinsic gain, an attrac- 
tive feature for a low-noise imaging system. 

The particular device chosen for study in this investigation was the Fairchild CCD 
202, which is a 2-dimensional array of 100 x 100 photocells each of area 18 x 30 um. 
Each cell is essentially an MOS capacitor capable of storing 0.1 pC of charge and 
comprises a polysilicon electrode, SiO, insulator, and a p-type silicon substrate. When 
a positive potential is applied to the electrodes, the minority carriers created by a 
high-energy electron are swept towards the insulator and are held in a potential minimum 
at the substrate-insulator interface. Insertion of a thin channel of n-type silicon at 
the interface diminishes the likelihood of the collected electrons being trapped in states 
close to the insulator surface and is responsible for the slight displacement of the mini- 
mum away from the interface. To determine the magnitude of the individual charge packets, 
they are initially clocked from the photocells into the adjacent transport cells (Fig. 1), 
after which they are clocked along the vertical analog transport registers into a horizon- 
tal transport register and subsequently read out through a two-stage gated charge integra- 
tor. The content of each cell is read through the same gate, and transport efficiency is 
very high, so that the noise performance of the device is very good. 
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FIG. 1.--Block diagram of the CCD 202 show- FIG. 2.--Block diagram of the detection and 
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Under constant irradiation with photons no image smearing occurs during transfer, since 
the charge is clocked through the transport cells, which are protected from the photon 
beam by a thin layer of aluminum. However, under electron irradiation the aluminum layer 
is virtually transparent, so that secondary electrons are collected in both the photocells 
and the transport cells. This increase in active area is an advantage when the CCDs are 
used for electron detection but makes it desirable to operate the RECT OS CORE in a pulsed- 
beam mode. In operation and testing of the CCD the experimental arrangement ®*? illustrat- 
ed in the block diagram (Fig. 2) was set up. The CCD is located beneath the camera cham- 
ber of a JEOL JEM 100C electron microscope and may be cooled to approximately -40°C. Also 
located there is a scintillator/photomultiplier pulse counting system used to monitor the 
flux of electrons incident on the CCD. Prior to recording, the illumination is deflected 
from the specimen; it is then restored for a preset time during which the charge packets 
build up in the potential wells of the device. The content of the cells are then read out 
with the illumination once again deflected from the specimen. The analog signals are 
transferred to the data accumulation system for digitization and storage and the whole 
process repeated until the desired statistical accuracy is achieved. (This procedure is 
a consequence of the somewhat limited storage capacity of the cells under electron bombard- 
ment.) After accumulation, data can be transferred to a computer via a port which is de- 
signed to accept characters from a VDU terminal. Although slow (about 10 min to transfer 
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4K words), this mode currently allows access to a departmental IBM 370/145 computer for 
image processing and permanent storage. This arrangement will be soon supplemented by 

the addition of a new minicomputer system, which will permit greater flexibility and 

speed of transfer. Alternatively, data can be output on to magnetic tape and subsequently 
transferred to the computer. A display monitor allows the stored image to be viewed for 
examination and selection before transfer and enables images to be photographed. 

Several experiments were performed to check the performance of the CCD. We investi- 
gated the gain of the device by flooding it and the adjacent scintillator with a uniform 
beam of electrons and measuring the average height of the output pulses from each cell 
of the CCD; this quantity should be proportional to the average charge collected by each 
cell. This experiment was performed for three values of the incident electron energy: 20, 
60, and 100 keV. The results show that for any electron energy, the gain of the CCD, de- 
fined as the number of secondary electrons collected in a potential well for each incident 
electron, was independent of the incident intensity provided the cell content was below 
its saturation value. For the incident energy range considered the gain increased non- 
linearly with energy; the gains for 20, 60, and 100keV electrons were in the ratio 2:13:20. 
Such nonlinearity is hardly surprising as the energy of the primary electron is deposited 
in the electrodes and insulator as well as in the silicon substrate, whereas charge is 
collected only from secondary electrons generated in the last. The maximum deposition of 
energy in the overlying layers occurs when 20keV electrons are incident, which further de- 
presses the gain observed at this voltage. Also, the gain does not increase indefinitely 
with increasing electron energy, since electrons from electron-hole pairs created well be- 
yond the diffusion length in silicon are not collected in the potential well and the pro- 
portion of these electrons increases with primary electron energy. 

A consequence of the high gain and limited cell capacity of the CCD is that well satu- 
ration is achieved with 440, 65, and 45 primary electrons for incident energies of 20, 60, 
and 100 keV, respectively. If random variation of intensity in an image is to be unimpor- 
tant, the number of incident electrons per cell should exceed 400 and hence each image must 
be built up from several cycles of illumination and read out, e.g., at 60keV incident en- 
ergy a minimum of 8 cycles is required to produce an acceptable image. However with the 
clocking rates available (> 1 MHz) this requirement presents no real problem. 

By shielding part of the CCD from the incident electrons, one may compare the perform- 
ance of the irradiated and unirradiated cells, by a comparison of the behavior of the two 
groups of cells when the whole device was uniformly illuminated by light from an LED. As 
the cumulative dose increased two effects were noted. The dark current (the output of the 
cells when they are not subject to illumination) increased; it rose to 10% of the satura- 
tion level after 10®© electrons per cell at 60 keV were incident. By cooling to -10°C we 
reduced this signal substantially and could neglect it. As the cumulative dose increased 
further, the gain of the irradiated cells was no longer independent of incident electron 
intensity, but decreased as the output voltage approached the saturation level. Restora- 
tion to its original value was achieved by an increase in the voltage applied to the gate 
electrodes. However, that was only possible over a limited range of doses, and since the 
gate voltage could not be increased indefinitely, an uncorrectable decrease in gain was 
ultimately observed. For each value of cumulative dose there was a maximum output voltage 
below which the gain was normal; if we define the lifetime of the CCD as the dose at which 
this voltage falls to half of the original saturation level, we have lifetimes of 0.2, 
1.2, and 1.5 x 107 incident electrons per cell at 20, 60, and 100 keV respectively. Given 
that about 10° electrons per cell (i.e., 3% shot noise) are desirable for most image analy- 
sis procedures in electron microscopy, the lifetime of the device corresponds to 1.2 x 10+ 
recorded images for 60keV electrons. 

The overall uniformity of response of the system!9 was measured by irradiation of the 
CCD with an electron dose of 103 electrons/photocell. The output from 4096 cells was trans- 
ferred to the computer and the distribution of cell contents analyzed. The mean and stand- 
ard deviation of the distribution were found to be 77 and 2.6, respectively, in arbitrary 
units and so agreed well with the expected 3% variation due to shot noise in the beam. 
Similar results were obtained with 60 and 100keV electrons indicating that noise in the 
detector system is suitably low. 

Another characteristic of interest is the spatial resolution of the CCD when used to 


89 


detect high energy electrons. Given that the photocell size is 18 x 30 um and that the 
diameter of the electron-hole pair cloud created by an incident electron is about 60 um 
for a 100keV incident electron and about 10 ym for one of 40 keV,!! it is clear that some 
charge collection in cells other than the one struck by the incident electron would be 
expected. To test this hypothesis, a 75um-thick copper aperture was placed 500 um above 
the CCD to give an abrupt change in electron intensity, and the signal variations across 
the edge of the aperture were investigated. The results (Fig. 3) indicate that for 40keV 
electrons there is little spreading of charge to adjacent cells, but for 100keV electrons 
a significant variation in signal is observed over four photocells, which indicates that 
charge spreading over about 60 um has occurred. This result is consistent with the values 
described above. 

Electron images obtained with 60keV 
electrons with the CCD cooled to -20°C are 
shown in Figs. 4 and 5. To avoid damage 

CONTENT OF INDIVIDUAL CELL to the on-chip amplifiers, the outer area 
(ARBITRARY UNITS) of the device was shielded from the elec- 
: tron beam by a copper mask, leaving an inner 
area of approximately 82 x 82 photocells and 
82 x 41 transport cells to record the image. 
100 Kev * ie , 

\ igure 4(a) shows the image of a 0.5um re- 
peat replica diffraction grating, taken with 
an average number of 630 electrons incident 
on each photocell. To illustrate that use- 
ful information is not restricted to the 
photocells, Fig. 4(b) shows the image formed 
from the contents of the transport cells. 
Figure 5 shows an equivalent pair of images 
obtained from a specimen of catalase which 
is frequently used for magnification cali- 
°40 keV incident electron bration in electron microscopy. In this 
X100 keV incident electron case the average content per cell was equiv- 
alent to 280 primary electrons. The resolu- 
tion in these images is consistent with the 
-300 -200 -100 0 100 200 figures discussed previously. 


DISTANCE FROM EDGE OF APERTURE (A ™) 


Dtscusston 
FIG. 3.--Variation of the cell content The experimental results for the Fair- 
across an aperture edge for incident elec- child CCD 202 detailed in the previous sec- 
trons of energy 40 and 100 keV. tion may be summarized as follows. 


1. The output of each cell of an un- 
damaged device is proportional to the electron flux incident on it, up to the saturation 
level of the cell. 

2. The capacity of each. cell expressed in terms of the equivalent number of incident 
primary electrons decreases with increasing primary electron energy for energies up to 
100 keV. The capacity is small (about 50 at 100 keV), which indicates the need for a 
data accumulation and storage system if reasonable statistical significance is to be ob- 
tained in imaging. 

3. If the device is cooled, noise from electrons thermally generated in the silicon 
is negligible. 

4, At 100 keV there is inevitable spillage of charge over typically four cells; at 
40 keV the spread is less than one cell size. Thus at 100 keV the number of cells avail- 
able is effectively reduced. 

S. After prolonged irradiation the cooled device damages under the beam and a reduc- 
tion in charge transfer efficiency results. The lifetime of the device is therefore lim- 
ited and at 100 keV the maximum accumulated dose is 1.5 x 10’ primary electrons per photo- 
cell. 
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FIG. 4.--Transmission elec- 
tron image of a replica dif-- 
fraction grating using 60keV 
electrons. Number of elec- 
trons/photocell = 630. (a) 
un Photocelis (b) Transport 

(a) (b) cells. 


FIG. 5.--Transmission elec- 
tron image of a catalase 
crystal. Number of elec- 
trons/photocell = 280. (a) 
ul eee mmm Photocells (b) Transport 
(a) (b) cells. 


Of the characteristics described above, (1), (2), and (3) are either advantageous or 
present no limitation; (4) confirms that the cell size of the CCD 202 is smaller than is 
required for the higher energy electrons of interest; and (5) is actually disadvantageous: 
although 10+ images/device is acceptable, extensive use of the device to locate areas of 
interest on the specimen and to adjust microscope operating conditions would severely re- 
duce the final number of images available for analysis. It is believed that the damage 
mechanism is associated with the radiation-induced fixation of positive charge (holes or 
Nat ions) at the oxide-semiconductor interface.!* However, these particular CCDs, which 
are now out of production, were not intended for electron imaging. 

No other devices known to us have been designed with electron microscopy in mind, yet 
it is worth considering how some might perform in this role. Recently an examination has 
been made of a 2-D Integrated Photomatrix SSPDA in the direct electron bombardment mode 
and an increased resistance to damage has been observed compared with the CCD 202.13 In 
SSPDAs the MOS structure is effectively replaced by p-n junctions and although these de- 
vices generally seem to have slightly poorer uniformity of response and noise character- 
istics than CCDs, these considerations are outweighed if a substantially greater lifetime 
is confirmed. New CCDs are also becoming available that may be more suitable. Such de- 
vices should preferably have a structure in which impurities in the oxide and the number 
of interface states are minimized; the latter desideratum is achieved if eroua) of the 
oxide during fabrication is performed at the lowest possible temperature.+* However, a 
more satisfactory CCD would be one in which no energy was deposited in the insulator. 
This requirement could best be achieved by backface irradiation,!° but that requires a 
thinned substrate and at present few such devices are commercially available. 
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We have restricted ourselves to a consideration of the suitability of CCDs, when di- 
rectly bombarded with electrons, as detectors for electron microscopy. The need for a 
low-noise parallel detector system also exists in electron energy loss spectroscopy 
(EELS) , but its somewhat more stringent requirements suggest that a directly bombarded 
CCD would not be satisfactory. Foremost among them are the greater dynamic range typ- 
ically encountered (frequently above 10%); and the limited dispersion of many spectro- 
meters, which would severely restrict the resolution in the recorded spectra. Both 
these problems, and indeed the serious problem of radiation damage, are overcome to some 
extent if the electron image is initially converted to a photon image before being pro- 
jected onto the CCD. However, such a system is more complex, more bulky, and unlikely 
to have as good a noise performance, considerations of differing importance under various 
circumstances. Thus, before the potential of CCDs or SSPDAs as detectors in electron mi- 
crosopy and analysis can be fully evaluated, further tests involving direct electron 
bombardment and photon conversion should be carried out on new devices with an improved 
performance. 
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THERMAL-WAVE MICROSCOPY IN A SCANNING ELECTRON MICROSCOPE 
Elmar Brandis and Allan Rosencwaig 


In recent years photoacoustic or thermal-wave analysis and imaging of solid samples have 
been of considerable interest. Although so far all work done involved the use of high- 
intensity optical illumination, thermal-wave analysis and microscopy can also be per- 
formed in a scanning electron microscope. 

In thermal-wave microscopy both thermoacoustic and elastoacoustic processes are set 
up in the sample by the intensity-modulated radiation incident on the surface. Energy 
levels excited by the incident radiation de-excite by heat-producing processes. Thus, 
the absorption of intensity-modulated radiation at any point on the surface results in 
periodic heating. The heat energy is transferred either in a thermal-wave mode for low 
and moderate modulation frequencies, or in a elastoacoustic mode for high modulation fre- 
quencies. 


Expertmental 


The experimental work was conducted in a Cambridge Steroscan MKIIa scanning electron 
microscope equipped with a LaBg electron source. Figure 1 is a schematic diagram for de- 
tecting thermal-wave signals. The sample was mounted on a Vernitron piezoelectric trans-~ 
ducer with Apiezon wax. 


Electron Gun 1-30 kV Amplifier 


L1 Beam Blanking 


X-Y Sweep 
Generator 


Piezoelectric 
eee Transducer 


} Pre- Lock in Video Display 
Amplifier Amplifier Amplifier CRT 


FIG, 1.--Measurement and display of thermal-wave images in SEM. 


Tefion 
support 


The electron beam was modulated with a frequency derived from the lock-in amplifier. 
The amplified signal from the piezoelectric transducer was fed into the video channel of 
the SEM for the recording of thermal-wave images. An electron beam energy of 30KV and a 
beam current of 3 x 10-’ A were selected. A modulation frequency of 100 kHz provided the 
highest signal-to-noise ratio. With a time constant of 3 msec the recording of thermal- 
wave images with 300 lines per frame required 400 sec. 


Author Brandis is with IBM Corp.'s East Fishkill Facility, Route 52, Hopewell Junc- 
tion, NY 12533; author Rosencwaig, with the Lawrence Livermore Laboratory (LLL), Univer- 
sity of California, Livermore, CA 94550 (current address; the work was performed private- 
ly, and the opinions and conclusions stated are those of the author and not of LLL), The 
authors wish to acknowledge the assistance of J. J. DeStefano for setting up the SEM, and 
discussion with J. N. Ramsey. 
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Results 


Generation of thermal-wave images in an SEM was demonstrated by means of a specimen 
consisting of part of a semiconductor chip with a deep scratch covered with silver paint. 
A thermal-wave image of the scratched area (Fig. 2) was recorded at a phase that maxi- 
mized the contrast between the silicon substrate and the scratch. The thermal-wave im- 
age is related to both the topography and materials variation of the sample, and the 
thermal properties of the scratch. The thermal-wave image shows that part of the scratched 
area contains dark patches that suggest internal voids of varying dimensions within the 
capillary filled scratch. High-resolution secondary-electron images of the same area in- 
dicates only a scratch partially filled with silver paint (Fig. 3). 


FIG. 2.--Thermal-wave image of scratch FIG. 3.--Secondary-electron micrograph of scratch 
capillary filled with silver paint. capillary filled with silver paint. 


The thermal wave produced by the electron beam has a wavelength at 100 kHz of approxi- 
mately 5 um and is scattered by the void below the surface. In this manner the microvoid 
is imaged by thermal waves generated by the electron beam incident on the sample surface. 
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AN X-RAY SPECTROMETER DATA ACQUISITION SYSTEM WITH A MICROPROCESSOR-BASED COMPUTER 


R. S. Lisiecki and D. B. Wittry 


A PET microcomputer system!’ 


along with a minimal amount of external hardware has been 


adapted for control, data acquisition, and data processing with an x-ray spectrometer. 
This system sets the wavelength of the x-ray spectrometer via a stepper motor and records 
x-ray counts and specimen current for each spectrometer position. The system provides 
for automated scanning over a peak and beam current normalization. Signal averaging is 
obtained by repetitive scanning over a given peak over long time intervals in order to 


improve the signal to background ratio. 


This system is easily implemented because the PET microcomputer can retrieve or send 
information to hardware devices in its high-level Basic language. The interface to the 
PET could have been accomplished either by the IEEE 488 General Purpose Interface 
Bus provided on the PET or by the memory expansion connector. For this application, the 
488 bus required more logic to perform the requisite bidirectional data transfers and 
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FIG. 1.--Block diagram of system used to count 
x-ray pulses and specimen current for x-ray 
spectrometer. 


also made control programming more dif- 
ficult. We therefore chose to use the 
memory-expansion connector, to which we 
attached the hardware necessary to com- 
plete the interface. This arrangement 
made it possible to write operating pro- 
grams in Basic for control of the spec- 
trometer position, starting or stopping 
of the counting, and reading of x-ray 
counts or counts from the digitized spec- 
imen current. 

As shown in Fig. 1, x-ray pulses 
from the spectrometer go first to an ex- 
ternal pulse-height analyzer and then 
into a 24-bit ripple counter via a Schmitt 
trigger. The specimen current goes to an 
external voltage-to-frequency converter 
and then into another 24-bit ripple coun- 
ter via a Schmitt trigger. Data from 
these counters is input to the Pet micro- 
computer through the 6522 Versatile In- 
terface Adaptors (VIAs) ,? which provide 
data latching. The time for data record- 
ing at a given spectrometer position (1, 
2, 5, 10, 20, 50, 100 sec) is determined 
by a crystal oscillator and divider chain 
set by the three external switches (X2, 
X5, X10) and synchronized with timing 
Signals from the VIAs. Outputs from the 
VIAs send clockwise or counterclockwise 
pulses to the stepper motor circuitry. 

The operator may select from several 
peak scanning schemes. In one mode he 
may manually position the spectrometer 
at the beginning of an x-ray peak and 


The authors are with the Departments of Electrical Engineering and of Materials 
Science, University of Southern California, Los Angeles, CA 90007. The support of the 
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then use the computer to scan over the peak in steps that are any multiple of 1/400 turn 
of the spectrometer drive shaft, and record x-ray and specimen current counts for each 
step. Both the wavelength change per step and the number of steps at which data are re- 
corded are set by the operator through the keyboard. Furthermore, the operator can spec- 
ify that any given x-ray peak be scanned any number of times. For each wavelength scan, 
mechanical backlash is removed by the process of driving the stepper motor to a position 
beyond the position for which the data are recorded. In this mode, data for each wave- 
length position are added to the data recorded from previous scans and the average counts 
for this position are calculated by the PET at the end of the last scan. This mode of 
multiple scanning of a given x-ray peak provides signal averaging and better detection 
limits owing to improved signal-to-background ratio. 

In another mode the operator may program the computer to perform peak seeking, for 
example by a preliminary scan, a polynomial fit of several points near the peak followed 
by subsequent resetting of the spectrometer to the peak. The first mode is useful in the 
determination of low-concentration elements; the second mode provides rapid and accurate 
spectrometer setting for elements whose concentration is greater than a few per cent. In 
both modes, the only manual operations to be performed by the operator with respect to 
data collection are. the initial setting of the spectrometer position and setting of the 
counting time per data point. 

The design and construction of this data acquisition system for use with an x-ray 
spectrometer was facilitated by the use of the Pet microcomputer; it provided an easy 
and inexpensive means of providing spectrometer control and data recording. 
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Metallurgical Applications of Microanalysis 


ELECTRON MICROPROBE ANALYSIS OF RARE GASES IN THIN METAL FILMS WITH THE USE OF 
SURROGATE STANDARDS 


M. A. Short, Jack Tabock, and D. W. Hoffman 


An electron microprobe technique has been devised for the quantitative analysis of the 
rare gases Ne, Ar, Kr, and Xe entrapped in thin films of eleven metallic elements during 
cylindrical-post magnetron sputtering. 

Studies are in progress on the internal stresses in thin films of Ti, V, Cr, Zr, Nb, 
Mo, Rh, Gd, Hf, Ta, and W deposited at relatively low temperatures by cylindrical magne- 
tron sputtering.!~2 The working gases used during deposition included Ne, Ar, Kr, and 
Xe at pressures generally ranging from 0.1 to 4 Pa. Discharge voltages were generally 
in the 350-1000V range, depending on the pressure. The substrates used were cleaned, 
flat, Corning cover-~glass wafers. We found a set of critical working gas pressures, 
which differ for different metals and working gases, below which the internal stresses 
in the sputtered films were compressive and above which they were tensile. It has been 
important to ascertain the rare gas contents of the films to determine whether or not the 
entrapment of the gases is a causative or simply a concurrent process with the inducement 
of internal stresses in the films, whose thicknesses range from 1000 to 5000A. 

The rare gases have been analyzed in the past by x-ray techniques, In 1961 Levey et 
al. made semiquantitative measurements of Ar, Kr, and Xe in the surface of samples of Zr, 
U, and Ag by means of an electron microprobe. * In 1963 Castaing examined thin aluminum 
foil for krypton, also by an electron probe.> Hoffmeister and Zuegel,® in 1969, deter- 
mined the argon content of SiO, films by conventional wavelength-dispersive x-ray fluores- 
cence analysis; they used a thin film of KCl as a standard, interpolating the argon in- 
tensity between the potassium and chlorine fluorescence intensities to give argon concen- 
trations with an estimated accuracy of +20%. Schwartz and Jones,’ in 1970, also measured 
the argon concentration of SiO» films by the same technique. Also in 1970, Legrand et al. 
studied the implantation of argon ions in bulk samples of Al, Ni, and Au with an electron 
microprobe. ® The implantation of argon in Samples of Alo03, Si, Al, and Cu was examined 
in 1978 by Hou, DeLavignette, and Art by an energy-dispersive system installed on a trans- 
mission electron microscope. 

Two problems arise in the quantitative measurement of rare-gas concentrations in thin 
metal films: the analysis of thin films may be different from the analysis of bulk mate- 
rials, and conventional standards for rare gases are not available. The first problem is 
most simply solved by a reduction in the energy of the incident beam of electrons, so that 
the films may be regarded as bulk material. This solution may be applied only if the in- 
cident electrons are sufficiently energetic to excite the rare gases and metals being ana- 
lyzed. Some excitation voltages are given in Table 1. Appropriate electron energies for 
the gases and metal films under consideration were calculated from Castaing's equation for 


the maximum depth Z, of x-ray production: 1! 


1.7 deh 
Z = 0.033 (V -V. )A/ez 


An accelerating voltage of 7 keV made it possible to consider the thin films as bulk ma- 
terial for all samples. Some maximum depths of x-ray production predicted by Castaing's 
equation for selected rare gas/metal film combinations are given in Table 1. The energies 
of the relevant excitation potentials of both rare gases and metals are below 7 keV, a 
voltage that experiment confirmed to be appropriate (by a comparison of x-ray intensities 
from films and from corresponding bulk metals). Intensity ratios close to unity were 
sought and obtained, except for films containing substantial concentrations of gas. 


The authors are members of the Engineering and Research Staff of Ford Motor Co., Box 
2053, Dearborn, MI 48121. Dr. J. L. Bomback's encouragement in the preparation of this 
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TABLE 1.--Excitation voltages (keV) and maximum depths (A) of x-ray production in certain 
substrates. 


X rays measured 


Excitation voltage V 
eS CEA PE EC 8 


Maximum depth Z, (Cr 
in substrate 
of Mo { 2000 1500 2000 1000 1700 


Ta 


The problem of rare-gas standards was more complex. The procedure we adopted was 
based only to a limited extent on previously published work.*-2 We measured the x-ray 
intensities of elements adjacent to the gas using convenient compounds, derived the in- 
tensities equivalent to 100% of the element by a reverse ZAF procedure, and interpolated 
linearly to obtain the rare-gas x-ray intentisy. A stable material containing an element 
with an x-ray emission line close to that of the gas, with a reasonable fluorescence 
yield, and preferably conducting was subjected to intensity measurement directly after 
the intensities of the elements adjacent to the rare gas were measured. In some cases the 
intensity was the same as the compound and element adjacent to the gas. This experimen- 
tal intensity was then related to that interpolated for the rare gas by a conversion fac- 
tor. The stable standard, in conjunction with the conversion factor, was then used as a 
surrogate standard to obtain k ratios for the quantitative analysis of the rare gas in 
the metal films. 

As to the interpolation subsequent to the derivation of x-ray intensities by the 
above reverse ZAF procedure to obtain the equivalent intensity for the rare gas, the Ka 


characteristic x-ray intensities were calculated from?! 
ae , are 
Ny w, In, (direct) +n (indirect) ] f(x) 
where Ny' = number of K quanta produced per incident electron and reduced by the absorp- 


tion of the quanta to the surface, and 


ny (direct) = 0.6073R(U)1n U, - Uy? 1)/{Z In[0.583(E, - E.d/J]} 


0 


a? _ “6 _ _ 
n, (indirect) 1.38 x 10 Z2E, [(r 1) /r](Upin Uy Uy + 1) 


All symbols are defined in the manner customary for electron microprobe analysis.?!! 
The results for neon and argon and for their adjacent elements showed that within each 
restricted range of three elements, The Ka intensities varied linearly with the atomic 
number Z. The x-ray intensities measured experimentally are related to these calculated 
intensities as modified by spectrometer geometry, crystal efficiency, and detector effi- 
ciency (and, in some cases, losses due to detector escape peaks). Changes in spectro- 
meter geometry and crystal and detector efficiency within each Z range are probably small; 
the effects of escape peaks, particularly in the case of argon, may be more serious. We 
have assumed, nevertheless, that for the Ka lines of neon and argon a linear interpolation 
may be made. We have assumed also that a linear interpolation may be made to derive La 
x-ray intensities due to 100% krypton and xenon. 


Analysts Procedure for Neon 


For the analysis of neon and for the adjacent elements fluorine and sodium, a sealed 
argon/methane detector and a thallium hydrogen phthalate crystal (TAP) were used. Fluo- 
rine and sodium Ka x-ray intensities were measured on a sample of sodium fluoride and the 
intensities corresponding to pure fluorine and to pure sodium calculated using the reverse 
ZAF procedure. A linear interpolation gave the Ka x-ray intensity corresponding to pure 
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neon. Because of the extremely low fluorescence yield of elements iron through gallium 
(which have La line wavelengths in the region of fluorine, neon and sodium Ka lines), 
sodium in sodium chloride was used as the surrogate standard; we obtained a conversion 
factor of 2.85 on our microprobe. The exact value of this (and other) conversion fac- 
tors may be expected to vary from one microprobe to another. This result was used to re- 
late the sodium Ka intensity to that derived for 100% neon. 

The neon and metal contents of the prepared films were determined from the sodium 
surrogate standard and conversion factor, an appropriate metal standard, and a conven- 
tional ZAF correction procedure to convert k ratios to neon and metal concentrations. 
It was assumed that the composition of the neon/metal film was constant throughout the 
thickness being measured. 


Analysts Procedures for Argon, Krypton and Xenon 


Argon, krypton, and xenon were analyzed in a manner similar to that described above 
for neon. The adjacent elements, compounds used, crystals used, surrogate, and surrogate 
material are given in Table 2. Sealed argon/methane detectors were used throughout. 


TABLE 2.--Parameters for the analysis of neon, argon, krypton, and xenon. 


Rare gas Neon Argon Krypton Xenon 


X-ray line Ka Ka Lo, La 
Element F, Na Gl 7K. BY; 52 Te, Ba 
Adjacent Radiation Ko Ka La La 
Compound NaF NaCl, KBr KBr, Srs0, Te, BaF, 
Crystal TAP ADP ADP LiF 
Element Na Ag Br Sc 
Surrogate Radiation Ko La La Ka 
Compound NaCl Ag Sc 


Two complications arose in the analysis of argon. First, the phosphorus in the crys- 
tal used (ADP) has a K absorption edge close to the K radiations of Cl, Ar, and K. Con- 
sequently, anomalous dispersion effects were expected to cause a marked change in the 
relative x-ray intensities as calculated, and were in fact found. The measured intensity 
of Cl Ka relative to K Ka was substantially lower than that predicted; this effect does 
not, of course, affect the approximate linearity of the Cl, Ar, and K x-ray intensities 
as a function of atomic number. Second, K Ko radiation, but not Ar Ka and Cl Ka, produces 
an escape peak in the argon/methane detector. This escape peak has a very low energy 
(0.36 keV) and is lost in the system noise. No correction was made for this escape peak, 
whose intensity was estimated to be about 8% of the main peak, although it was appreciated 
that this might introduce an error of about 4% (relative) into the argon analysis. 


Accuracy 


Apart from counting statistics,!* there were five potential sources of inaccuracy. 
First, it was assumed that, throughout the thickness of the film being analyzed at 7 keV 
(Table 1), the composition of the film did not change. Second, a linear interpolation 
was assumed between the characteristic x-ray intensities of the rare gases and the ele- 
ments adjacent to them. Third, the escape peak for potassium, which was neglected, will 
have resulted in some small error in the argon analysis: if the error in the potassium in- 
tensity was indeed 8%, then the error in the argon analysis was 4%. Fourth, it was as- 
sumed that the spectrometers could be reproducibly reset to the required wavelengths. 
Fifth, it was assumed that the ZAF corrections procedure was good at 7 keV; several com- 
pounds of known composition were analyzed at this energy and good results were obtained 
by use of the standard ZAF corrections. 

Provided the films were homogeneous, we may thus conclude that inaccuracy of the 
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analyses should not have exceeded about 10% (relative). 


Results 


Rare gas concentrations determined over a wide range of metal films varied from 0.05 
to about 5 atomtc percent. In general, it was found that the lower the atomic number of 
the gas the higher was its (atomic) concentration in comparable metal films and the heav- 
ier the metal the greater was the rare gas (atomic) concentration. Some results illus- 
trating this finding are shown in Fig. l. 


It was generally found that the presence 
of entrapped rare gases correlated with the 
occurrence of compressive stresses in the 
metal films, but that the estimated magnitude 
of the stresses did not change even with sub- 
Stantial changes in gas content. We thus 
conclude*’? that the stresses induced in the 
metal films are caused by the impingement of 
energetic rare gas atoms on the metal film 
during its formation, rather than by the ac- 
tual incorporation of the rare gases within 
the metal lattice. 
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SURFACE CHARACTERIZATION OF CHEMICALLY ETCHED Ti-8Al-1Mo-1Sn AND Ti-13V-11Cr-3Al 
A. A. Roche, J. S. Solomon, and W. L. Baun 


Because of temperature and weight considerations, Ti and its alloys are used extensive- 
ly by the aircraft industry. The "super" alpha Ti-8Al-1Mo-1Sn alloy was developed for 
use in jet engines where a high fracture toughness is required. Ti-13V-11Cr-3Al has 
good workability and strength properties when properly heat treated. Consequently, it 
is easily forged and has found use in structural components. 

Since Ti and its alloys are subject to environmental damage, surface protection 
steps are usually required. These steps can involve the use of paint primers or, as 
in the use of aluminum, anodic oxide protective films. In most cases, as-received alloy 
sheets are not suitable for immediate priming or other surface-corrosion prevention mea- 
sures and must undergo some form of cleaning. This process may require only a simple 
organic-solvent decreasing or a highly reactive chemical etch. 

In some cases the performance of surface-protection measures can be related to sur- 
face treatments and reasons for a particular level of performance may not be straight- 
forward, but determined indirectly with the use of several analytical tools. 

In this work, Ti-8Al-1Mo-1Sn and Ti-13V-11Cr-3Al surfaces were subjected to eight 
chemical treatments. The topological effects of the treatments were characterized with 
scanning electron microscopy (SEM). Changes in surface chemistry and elemental distribu- 
tion were characterized with Auger electron spectroscopy (AES) and positive secondary-ion 
mass spectrocopy (SIMS). 


Expertmentatl 


Ti-8Al-1Mo-1Sn and Ti-13V-11Cr-3Al alloys were subjected to the chemical treatments 
listed in Table 1. After drying, they were analyzed with a Perkin-Elmer Physical Elec- 
tronics Industries (PHI) model 540-A thin-film analyzer equipped with a single-pass cy- 
lindrical mirror analyzer (CMA) with a resolution AE/E = 0.6%. The coaxial electron gun 
was operated with a 4keV potential at a of beam current 1-5 uA. A peak-to-peak modula- 
tion of 7 eV during broad scans (0-2000 eV) and 2 eV for narrow scans (330-530 eV) was 
applied to the analyzer for phase sensitive detection. Elemental sputter profiles were 
constructed from digitally recorded and computer processed N(E) data. The ion beam was 
generated with a PHI model 04-191 sputter ion gun, which was operated with a beam poten- 
tial of 2 keV and ion current density of approximately 1.9 yA/mm? at 10 mA ion gun emis- 
sion current or 0.5 uA/mm? at 3mA ion gun emission current. 

The sputtering rate for TiO under the above conditions was 11.5 nm/min with an ion 
current density of 1.9 uA/mm¢ and 2.8 nm/min with an ion current density of 0.5 pA/mm?. 

SIMS analysis was done with an EAI/1100 quadrupole mass analyzer fitted with a low- 
resolution double-focusing ion energy filter. The same ion gun used for sputter profil- 
ing was used as the primary ion beam source for SIMS. Both Het and Ar* were used as pri- 
mary ion sources. He* was used to obtain SIMS data from surfaces prior to sputter pro- 
filing, since near static (nondestructive) conditions can be achieved with the lighter 
inert gas. During sputter profile analyses Ar* was used. 

Pieces of the specimens for SEM analysis were coated with about 20-50 nm Au in an 
ISI-PS-2 sputter coater. All specimens were analyzed with an ISI-60 SEM at a tilt angle 
or is. 


Author Roche is at Universal Energy Systems, Dayton, OH 45432; Solomon, at the 
University of Dayton, Dayton, OH 45432; and Baun, at Wright Aeronautical Laboratories, 
Wright-Patterson AFB, OH 45433. 
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TABLE 1.--Surface chemical treatments for titanium and titanium alloys. 


CODE DESCRIPTION TREATMENT 
1 Degrease Sample slurried in acetone, wiped dry, 
then ultrasonically cleaned in carbon 
__ tetrachloride for 5 minutes. 
2 Alkaline Sample submerged in 0.1N sodium hydrox- 
ide, room temperature for 2 minutes. 
Running tap H,0 for 1 minute, standing 
deionized H.0 for 5 minutes. 
3 HNO3 /HF Sample submerged in a solution of 170ml 
£] ue) nitric acid, 30m] hydrofluroic acid, 
(fluoro-nitric 800m] distilled water, room temperature 
for 2 minutes. Rinse as in #2. 
4 Na3P04/NaF/HF Sample submerged in a solution of 50g 
sodium ortho phosphate, 9g sodium fluoride, 
(fl uoro-phosphate) 26ml hydrofluoric acid, distilled water to 
1 liter, room temperature for 2 minutes. 
Rinse as in #2. 
5 NHyHF 2 Sample submerged in solution of ammonium 
(fluoro-ammonium) bifluoride (10g/liter) room temperature 
for 2 minutes. Rinse as in #2. 
6 H,S0,/Cr03 Sample submerged in solution of 300g 
. sulfuric acid, 40g chromium acid, distilled 
(sul fo-chromium) water to 1 liter, room temperature for 
2 minutes. Rinse as in #2. 
‘7 HNO 3/HF/H202/NH,F,HF} Sample submerged in solution of 80m] nitric 
£1] it ; acid, 20 ml hydrofluoric acid, 20m] hydrogen 
(fluoro-nitro-ammonium) peroxide (30%), 10m] ammonium bifluoride 
(saturated), distilled water 500m], room 
temperature for 2 minutes. Rinse as in #2. 
8 Hot NaQH/H20. Sample submerged in solution of 20g sodium 
hydroxide, 20m] hydrogen peroxide (30%), 
(hot alkaline) distilled water to 1 liter, 65°C temperature 
(150 F) for 2 minutes. Rinse as in #2. 
Results 


Ti-8Al-~1Mo-1Sn. Table 2 is a semiquantitative compilation of the elements detected 
by AES on all the treated Ti-8Al1-1Mo-1Sn surfaces. Table 3 summarizes the SIMS data 
from the same surfaces. All values listed in Tables 2 and 3 are normalized to Ti. 

A significant difference between the two techniques is the detectibility of alloying 
elements. In AES, the major Sn and Ti peaks overlap each other and therefore small 
amounts of either element in the presence of large amounts of the others cannot be de- 
tected with any degree of certainty. This problem does not occur with SIMS: as shown 
in Table 3, Sn was detected on the as-received surfaces subjected to treatment 2 and 5. 

Al was detected on all treated surfaces but neither technique could be used to report 
reliably the presence of Mo, even after the surface oxide was removed by sputtering. The 
problem with AES is the overlapping of the most sensitive Mo peak by the Cl and Ar peaks 
and relatively low sensitivity of other Mo peaks. The SIMS Mo peaks are also subject to 
overlap by this Ti3 peak and its isotopes. 
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TABLE 2.--AES elemental ID of treated Ti-8A1-1Mo-1Sn. 


TREATMENT ELEMENT IDENTIFICATION 
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TABLE 3.--SIMS elemental ID of treated Ti-8A1~1Mo-1Sn. 
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The Tipmm Auger peak slopes were nearly identical to Ti0.! with some subtle differ- 
ences observed when fluorine was present. The thickness of the surface oxides as de- 
termined by Auger sputter profile analysis ranged from approximately 7.8 nm from treat- 
ment 8 to 112 nm for treatment 4, compared with approximately 14.6 nm for an untreated 
surface. 

SEM data shows some evidence of selective phase etching from treatments 3, 5, and 7. 
The fluoro-phosphate treatment produced the most noticeable topographical change. SEM 
micrographs show the oxide layer produced on this surface to have a "sea shell" like ap- 
pearance. 


[Tt-13V-11Cr-3Al. Tables 4 and 5 contain the respective AES and SIMS semiquantita- 
tive data obtained from the treated Ti-13V-11Cr-3Al surfaces. As in Tables 2 and 3, the 
values listed in Tables 4 and 5 are normalized to Ti. Both Tables 4 and 5 show the pres- 
ence of Ti as well as the three alloying elements on all treated surfaces. The surface 
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TABLE 4.--AES elemental ID of treated Ti-13V-11Cr-3Al. 
TREATMENT! ; LEMENT IDENTIFICATION 
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TABLE 5.--SIMS elemntal ID of treated Ti-13V-11Cr-3Al. 
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concentration of the alloying elements in all cases was less than the bulk. The surface 
of the fluoro-phosphate treated panel contained F but no TiF* species was detected by 
SIMS nor did the Tizyy peak shape differ from that of Ti02. The oxide layers produced 
on this alloy were all thinner than that of as received panels. The thickest oxide 

(v8 nm) was formed by the sulfo-chromium (6) treatment; the thinnest (2.3 nm) was pro- 
duced by alkaline (2) treatment. 


Discusston 


The advantage and necessity of using several surface analytical techniques was very 
evident in this work. For example, the Tizym Auger peaks at 418 and 451 eV as well as 
oxygen at 510 eV and its lower energy plasmons between 450 and 500 eV overlap the major 
Sn, Cr, and V peaks between 400 and 530 eV and make it difficult to analyze for small 
amounts of these elements in the presence of Ti and 0. Aithough Cr and V are shown as 
being detected by AES in Table 4, absolute certainty of their presence was provided by 
SIMS, since no overlapping problems occur for these elements in this technique. 

The detection of Sn by AES is further complicated when Sn is oxidized. Normally the 
major Snynn peak positions are 430 and 437 eV. However, when Sn is oxidized, the peaks 
shift to a lower energy by 5-6 eV.* This shift is toward the Timm peaks and therefore 
small amounts of Sn do not adequately change AES spectral features, as in the case of V, 
when both Ti and O are present as major constituents. Again, no overlapping problems 
exist for the SIMS detection of Sn in the presence of Ti and 0. 
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In some cases, two techniques may not be sufficient. For example, neither AES nor 
SIMS could verify the presence of Mo. In AES, the most sensitive Mo peaks at 186 and 
221 are overlapped by Cl and Ar (in sputtering). Also, the Mo 22leV peak decreases in 
intensity with respect to the 186 peak when Mo is oxidized.? Unlike AES, SIMS can de- 
tect molecular species such as those reported in Tables 3 and 5. One of the problems 
with reporting molecular species is knowing for sure the origin of the species. For ex- 
ample, it is difficult to determine whether a particular species was present on a surface 
or created during sputtering. Such is the case with TiO*, TiOF*, and TiF* detected on 
Ti-8Al1-1Mo-1Sn subjected to the fluoro-phosphate (4) treatment. In this case, the lim- 
ited ability of AES to detect chemical state differences was used to determine whether 
the bonding state of Ti was different on this specimen from one in which fluorine was 
not detected. The Tij;yy peaks from this surface had subtle differences in their shape 
compared with nonfluoride-containing surfaces and standard TiO). This result is an in- 
dication that Ti was in-a slightly different bonding state from that in TiO). Perhaps 
it is bound to both O and F as an oxyfluoride. In the case of Ti-13V-11Cr-3Al no Ti-Ft 
species was observed in the SIMS data and the Tijyy Auger peak shapes were identical to 
Ti0g. The Tiyyy peak shapes from the other treated surfaces were also identical to TiO. 

The SEM was extremely valuable, not only for the characterization of surface topo- 
graphy, but in determining oxide film thicknesses in the determination of sputter rates 
for Auger sputter profile analysis. 


Conelustons 


Based on the characterization data presented, the following conclusions are made 
about the effects of the chemical treatments listed in Table 1 on Ti-8A1-1Mo-1Sn and 
Ti-13V-11Cr-3Al. 


1. No single surface analytical technique can thoroughly characterize Ti alloy sur- 
faces for their elemental, chemical, and physical properties. 

2. The effects of a particular chemical treatment may not be the same for each 
alloy. 

3. Chemical treatments 2 through 8 replace the original oxide with a new one con- 
taining traces of elemental species common to a particular treatment. 

4. The o Ti-8A1-1Mo-1Sn is etched at a faster rate than ® by treatments 3, 5, and 7. 

5. The oxide produced as Ti-8Al1-1Mo-1Sn by the fluoro-phosphate treatment is not 
TiO, but one in which Ti may be chemically bound as an oxyfluoride. 
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APPLICATION OF AN AUTOMATED MICROPROBE TO THE CHARACTERIZATION OF PROTECTIVE COATINGS 
ON NICKEL-BASE SUPERALLOYS 


G. S. Fritz, K. P. Gumz, and J. M. Walsh 


Although nickel-base superalloys possess high strength at the elevated temperatures en- 
countered in gas turbines, they require protection from the oxidation and hot-corrosion 
effects that persist in these hostile environments. This protection is accomplished by 
the application of coating systems that have a high volume fraction of a high-tempera- 
ture, oxidation-resistant phase such as the intermetallic compound NiAl.! The electron 
microprobe has proved to be an extremely important analytical tool in the development 
and evaluation of these materials. This paper describes an automation system that was 
developed for a JEOL JXA-50A electron microprobe and emphasizes the AUR ES CAEEEE of the 
system to superalloy coatings research and development. 

For an understanding of the chemical and metallurgical processes that occur during 
the formation and degradation of these complex coating systems, we need detailed quan- 
titative concentration/penetration curves from the superalloy substrate out through the 
coating. Several automated microprobes have been described at these meetings; however, 
the emphasis in the system described here is on generating automatically a comprehensive 
concentration/penetration plot and getting the finished product into the hands of the 
end user in the shortest possible time. 

The JXA-50A microprobe is equipped with two high-precision wavelength spectrometers 
and a programmable Faraday cup for measuring beam current. Automation hardware was de- 
signed and built by Tracor Northern. The system employs a PDP 11/34 minicomputer to con- 
trol X, Y, and Z stage movements, spectrometer angles, crystal selection, and beam cur- 
rent measurements. A four-color Hewlett-Packard digital plotter (7221A) is interfaced 
to the computer for graphical presentation. The analysis scheme (Fig. 1) allows for a 
large amount of versatility and efficiency. The operator chooses the number of points 
to be analyzed, the distance between points, and counting times for the elements. K- 
ratios or fully ZAF-corrected results are stored on floppy disks and can be easily re- 
trieved for plotting or further processing. Because several small phases are present in 
these coating systems, one must collect all data at a given analysis location before ad- 
vancing to the next site, even in cases where crystal flipping is required. 

To provide the end user with results in the most meaningful and useful form and in 
the shortest possible time, particular consideration was given to software development 
for a comprehensive on-line concentration-vs-penetration plot, a goal readily accom 
plished with the H-P plotter, which provides an extremely high-quality four-color plot 
(Fig. 2). This plotting format allows for convenient correlation of microprobe results 
with metallographic and x-ray mapping techniques routinely used by this laboratory for 
coating evaluation. Because complex reactions and phase transformations occur during 
interdiffusion, no attempt at data smoothing was made; the individual data points were 
simply connected. A logarithmic concentration scale is used so that concentration 
changes in the lower-weight-percent ranges can be seen clearly. Pen colors and symbols 
can be selected for easy interpretation of the data. A custom labeling feature is also 
available that allows one to draw particular attention to specific regions of interest. 

These automatically generated concentration/penetration plots result in both cost 
effectiveness and technology benefits in that coatings research and development engineers 
can complete their work faster and get a more comprehensive and more easily understood 
picture of coating/substrate interactions. 
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FIG. 1.--Flow diagram shows principles of operation of automated system. 
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FIG, 2.--Concentration penetration curves from superalloy substrate through protective 
coating. 
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7 
Microdroplet Analytical Methods 


AN OVERVIEW OF THE APPLICATIONS OF MICRODROPLET ANALYSIS: PAST, PRESENT, AND FUTURE 
Claude Lechene and Ronald Warner 


Past 


Liquid-droplet analysis is a technique for measuring by electron-probe analysis the con- 
centration of all chemical elements above boron within a single fluid volume that can be 
as small as 10 pL. The first description of the use of electron-probe analysis on a 
dried liquid droplet was by Ingram and Hogben in 1967.1 The first application of liquid- 
droplet analysis was on renal tubular transfer of water and electrolytes in adrenalecto- 
mized rats by Cortney, who analyzed samples from 31 animals. Independently, renal tubu- 
lar fluid samples collected from 3 rats were analyzed for 6 elements.? The subnanoliter 
samples were deposited with a calibrated micropipette on the cold surface of a beryllium 
block.* The techniques of preparation did not prevent the formation of large crystals 
(larger than approximately 2 um), unfitted to reproducible electron-probe analysis. The 
obtaining of very small crystals was insured by deposition of the liquid droplet under 
oil to avoid evaporation at room temperature and formation of large crystals, washing 

the oil in xylene, quenching the preparation, and freeze drying.® The technique has 
been described in detail.®, 

The basis for quantitative analysis is the preparation of calibration: curves from 
salt-solution standards that relate characteristic x-ray intensities to chemical element 
molarities. Calibration curves are linear and provece excellent reproducibility over 
concentration ranges of physiological interest.°’’ Liquid-droplet analysis has been es- 
tablished in several laboratories and modified for energy-dispersive spectrometry ,°9 
for the analysis of precipitates or organic compounds,/" or for the analysis of urea. 

Electron-probe analysis of a liquid droplet allows analysis of many more chemical 
elements in much smaller volume than with any. other ultramicroanalytical method. }2’!9 
The samples are not destroyed by the analysis and can be reanalyzed for other elements 
either immediately or after storage. The practical detectability limit with wavelength- 
dispersive spectrometers is of the order of 0.1 mM; i.e., 10-15 Moles in a 10 pL sample. 
The characteristic x-ray lines are well separated and, at least with wavelength-dispersive 
spectrometry, can be identified without ambiguity. Compared to other uses of electron- 
probe analysis in biology, quantitative analysis of a liquid droplet is easy, standards 
and unknown samples are similar, and results are directly obtained in mM/L. 


li 


Present 


Liquid-droplet analysis is being applied in numerous fields of physiology in which, 
by micromanipulation, one can sample small quantities of the microenvironment of living 
cells or tissues. Liquid-droplet analysis can also be applied in situations in which one 
has a large volume of samples but where one wishes to analyze for many chemical elements, 
for example Na, K, Ca, Mg, Cl, P, or S. Such an analysis, which would necessitate sev- 
eral techniques otherwise, could be done by electron-probe analysis for all the elements 
on the same sample. 

The following examples illustrate the results obtained by liquid-droplet analysis in 
various area of biology. 

In renal physiology, Le Grimellec et ot ad performed a segmental analysis and correl- 
lative studies of the movement of Na, K, Cl, P, Mg, and Ca in a micropuncture sample col- 
lected along the rat nephron. Le Grimellec et al, 28 compared glomerular and artificial 
ultrafiltration and found that Ca and to a lesser degree Mg and K concentrations were dif- 
ferent in the two modes of ultrafiltration. The authors suggested that the difference 
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could be due to difficulties in controlling pH, temperature, and pore size during arti- 
ficial ultrafiltration. Poujeol et al.!® specified the segment in the nephron respon- 
sible for the increase in calcium, magnesium, and phosphate excretion observed after 
saline expansion in the rat. Agus et al.!’ made laboratory studies of the movement of 

P and Ca in the kidney. Agus et al.!® showed a specific role of parathormone to increase 
calcium reabsorption in the terminal nephron. Studying renal phosphate metabolism, we 
demonstrated a lack of phosphate secretion in the nephron proximal tubule,!? distal ne- 
phron phosphate reabsorption,?°’2! and distal nephron inhibition of phosphate reabsorp- 
tion by parathormone.*! An extensive study of ionic movement along the outer and inner 
medullary collecting duct is under way.?? 

In reproductive biology electron-probe analysis of liquid droplets brought numerous 
results in the study of the microenvironment of the egg, of the early embryo, and of the 
mechanism of fluid accumulation in the blastocyst. The chemical elemental content of 
human follicular fluid was shown to be similar to blood, with minimal differences. 23 
Blastocoele fluid from the mouse was shown to be very dissimilar to mouse serum; higher 
concentrations of Na, K, Ca, and Mg and lower concentrations of S and P were found in 
the blastocoelic fluid than in the serum.** Fluid accumulation and ion transport in the 
rabbit blastocysts was found to be ouabain sensitive; the concentration of K in the blas- 
tocoele fluid was shown to be maintained predominately by leakage of K from the tropho- 
blast cells into the blastocoele and by ouabain-sensitive transport of K into the tropho- 
blast cells from the blastocoele fluid; exposure of blastocysts to ouabain on the justa- 
coelic, but not the abcoelic, surface of the trophectoderm inhibits blastocoele fluid ac- 
cumulation. 2° 

A very promising field is the study of the microenvironment of the male gamete from 
the rete testis to the seminiferous tubule and along the different portions of the epi- 
didymis .® 

In auditory physiology analysis of the composition of inner-ear lymphs in cats, liz- 
ards, and skates showed the high content in K of the endolymph. Concentration of Cl was 
higher and Ca and Mg concentrations were lower in endolymph than in perilymph.*7 

In digestive physiology, it was found that in spite of the high bicarbonate concen- 
tration of pond water, the water of NaCl absorption along the intestine of Ttlapta grahamt 
seems to proceed remarkably similar to the case of teleosts in NaCl or seawater solutions. 

The function of calcium in sweat secretion was studied in the human eccrine sweat 
gland.*2 It was found that calcium is an essential requirement for stimulating sweat and 
that this ion may be a factor in regulating the hypotonicity of sweat. 

An interesting application of electron probe analysis of liquid droplets was the fast 
identification as vanadium of a potent (Na, K)-ATPase inhibitor purified from "Sigma 
grade'"' ATP.39 This finding suggested that vanadate could be an ideal specific regulator 
of (Na, K)-ATPase. 

Electron-probe analysis measures the chemical element content. Several techniques 
have been developed to analyze various chemical forms. In samples containing protein, 
in order to differentiate between bound and free forms of an element, an ultrafiltration 
method of submicroliter sample volume has been developed.?! Nanoliter volumes can be ul- 
trafiltered by means of a dialysis membrane mounted between two capillaries filled with 
oil. The sample is introduced in the upper capillary; ultrafiltration is obtained by 
centrifugation in a microhematocrit centrifuge, and the ultrafiltrate is collected in the 
pulled extremity of the lower capillary tube. To differentiate between ionic and organic 
forms of an element, precipitation techniques of qualitative analytical chemistry have 
been scaled down to be performed on liquid droplets with subsequent analysis of liquid- 
droplet supernatant or of the microprecipitate after freeze substitution.'® We have ap- 
plied such a technique to precipitate the sulfate content of nephron tubular fluid after 
addition of BaClo and thus differentiate between sulfate and organic sulfur. There are 
experimental situations in which the carbon content of a sample belongs unambigously to 
one organic compound. For example, in the study of isosmotic transport in the renal prox- 
imal tubule we have measured the raffinose content of standing-droplets experiments simul- 
taneously with the concentration of Na, Cl, K, Ca, Mg, P, and S in picoliter sample vol- 
umes. Raffinose was measured by measurement of the carbon characteristic x-ray signal in 
the sample; standard calibration curves provided a linear relation between raffinose stand- 
ards concentration and C x-ray signal.?2 Urea could also be measured in the absence of 
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other organic components by means of the carbon and nitrogen signal; however, the sen- 
sitivity would be lower than for raffinose. A method to measure urea by forming an in- 
soluble precipitate containing sulfur has been developed.!! An interesting feature of 
the method is that the reagent is added in one manipulation step: it is dissolved in the 
oil covering the droplet and its partition coefficient between the oil and the water 
droplet phases is utilized. However, the method is not very sensitive; the lower con- 
centration of urea measurable in a biological sample is approximately 25 mM and does not 
differentiate from the other sources of sulfur contained in the sample. Overall, we do 
not think that electron-probe microanalysis of liquid droplets could be used as a general 
method to measure organic compounds in small sample volumes. We have developed a method 
based on scaling down the well-developed technique of fluorescence analysis to the mea- 
surement of organic compounds in liquid droplet. Microfluorometric analyses are performed 
on volumes of approximately 20 pL after reactions. The limit of detection for urea is of 
the order of 10 fmol. ?% 

An electron-probe analyzer is a costly investment. Large arrays of data that could 
necessitate long calculations are provided by analysis of liquid droplets. To use the 
full capability of the electron probe and to minimize the time required for intermediate 
calculations we have developed a powerful automated system.?* A minicomputer is used to 
set the instrument, control its round-the-clock operation, move the stage, time the spec- 
trometers, collect the data, and perform calculations and statistical analyses. The soft- 
ware program guides the user over the operation of the instrument and the reduction of the 
data. Simultaneous program execution allows the computer to collect data from the elec- 
tron probe at the same time the user performs program development on data manipulation. 

A display terminal facilitates the choice of the operative options and allows for fast 
and complex interactive calculations with graphics display. A hard-copy unit allows re- 
tention of only meaningful informations. 

Some special aspects of liquid-droplet preparation and analysis have been de- 
scribed?1*32°35 and will not be expanded upon. The deal particularly with concentrating ef- 
fects during droplet conservation or manipulation, the manipulation of samples containing 
protein, the existence of a chloride loss that differs for samples and for standards, the 
absorption of Mg x rays by Na, and the possible use of a single standard for analysis. 


Future 


Electron-probe microanalysis of liquid droplets is now a routine method that allows 
one to analyze a large number of chemical elements in very small biological liquid sam- 
ples. It can be used with samples collected easily in large volumes and has the advan- 
tage of providing the analysis of the chemical-element make-up by a single method. How- 
ever, its main advantage is in the analysis of very small samples, in the nanoliter or 
picoliter volume range, as they can be withdrawn by micropuncture techniques during in 
vivo experiments from the microenvironment of cells or from cell vacuoles. It should be- 
come an important tool for studying ionic transport phenomena and correlating them with 
electrical phenomena in well-controlled biological systems. °6*37 Electron-probe analysis 
can be applied to the search for chemical-element contaminants or inhibitors of biological 
activity in very small amounts of extracts of an organic compound. Qualitative analysis 
could be quickly performed on biochemical samples at various stages of a purification. 

The sensitivity of the x-ray analytical method could be increased by excitation of 
the characteristic x-ray emission not with an electron beam but with either a proton 
beam?® or with high-energy primary x rays, which would therefore lower the continuum. 
X-ray analysis of trace elements could likely be developed with such sources of excita- 
tion for characteristic xX rays. 

X-ray analysis of liquid droplets could find applications in hospital clinical labora- 
tories. In patients in shock or in children, one drop of blood could be more than enough 
to follow the patient state and adjust the solutions to be perfused during intensive care. 
Adapted equipment, less expensive than research electron probes, could be developed to- 
ward this goal. X-ray spectrometry could also be useful in toxicological diagnostics. 


Coneluston 


X-rays spectrometry analysis of liquid droplets by means of an electron probe, allows 
biologists to measure many more chemical elements in much smaller volumes than was pre- 
viously possible. The method has come to be routinely used. It opens new horizons for 
the study of the chemical-element anatomy of living systems and is expanding to all fields 
of physiology. It could be used for the analysis of trace elements. It could be devel- 
oped for clinical applications in intensive care or toxicology. 
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TECHNIQUES OF WAVELENGTH-DISPERSIVE SPECTROMETRY WITH EMPHASIS ON ELEMENTAL ANALYSIS OF 
ULTRAMICROVOLUME SAMPLES 


G. A. Quamme and M. Muhlert 


The electron microprobe (EMP) offers the unique advantage of rapid and accurate analysis 
of ultramicrovolume samples where conventional chemical methods are not possible or fea- 
sible.!-> Detectability limits for EMP analysis are comparatively poor when considered 

in terms of the minimum amount of an element detected relative to the total sample in a 
homogenous mixture. However, the ultimate sensitivity is very high considering the ac- 
tual number of atoms required to produce a detectable signal above background (about 100 
ppm or 1o7!®g). Thus EMP analysis is ideal for analyzing ultrasmall samples of relatively 
high elemental concentrations. This technique has been extensively applied to investiga- 
tions of kidney physiology where one routinely collects sample volumes in the nanoliter 
range from'individual nephrons by micropuncture techniques.°7!° 

Typically a micropuncture experiment involves collection of nanoliter volume samples 
by ‘micropipettes. from various renal compartments. The small size relative to the large 
surface area of the sample volumes dictates that all handling be accomplished under an 
antiwetting phase, usually paraffin oil, with the use of micromanipulators and stereo 
microscopes. This condition in itself may lead to unforeseen errors in microdroplet anal- 
ysis. All of the many methods that have been reported for sample preparation involve 
placing smail volumes (10-100 pL) of samples and standards on a support and freeze-drying 
to produce geometrically amorphous deposits comparable to each other.!-!9 Electron micro- 
probe analysis includes setting the electron beam to the same diameter as the sample and 
standard deposits and comparing the x-ray intensities. The x-ray intensity is propor- 
tional to the number of atoms present in the sample; thus, the absolute concentration of 
the liquid volumes can be obtained from the standards of known composition. This method 
can be applied to any aqueous fluid provided adequate standards are prepared. 

The wavelength-dispersive spectrometer (WDS) is the most widely used method of x-ray 
spectral analysis in the microprobe; The spectrometer consists of a mechanical assembly 
that positions a diffracting crystal and gas-proportional detector in such a fashion as 
to allow selective diffraction by the crystal of characteristic wavelengths. (Each ele- 
ment is characterized by its own wavelength spectra.) The advantages of WDS are: (1) high 
line-to-background ratio as a result of the spectrometer's excellent inherent wavelength 
resolution (which thus yields low elemental detection limits even in the presence of high 
x-ray background) , a particularly important feature in biological fluids containing impor- 
tant elements of low x-ray yield such as sodium and magnesium, and (2) unambiguous x-ray 
line identification, which is important in elemental determination of low concentrations 
in the presence of very high concentrations of other elements, e.g., phosphorus at 1mM 
versus chloride at 120mM concentrations, which are commonly encountered in biological 
fluids. A consequence of these properties is the relatively low counting times required 
for analysis, a significant consideration in that each routine micropuncture experiment 
may generate over 100 separate deposits. Although the above ultramicroanalytical proce- 
dure appears direct and unaffected, several problems are inherent to the analysis of bio- 
logical fluids. First, as mentioned above, sample handling requires special techniques 
owing to the extremely small volume proportional to the large surface area, so that sur- 
face contact with air, glass, paraffin oil, and solvents becomes very important with re- 
gard to elemental contamination and (more important) elemental loss.’ Second, the nonuni- 
formity of composition of biological samples may unpredictably alter the background ab- 
sorption parameters. Third, many of the elements of interest in physiology possess low 
atomic numbers (e.g., sodium) and may be present in relatively low concentrations (e.g., 
magnesium). Despite these inherent drawbacks x-ray microanalysis has become a major tool 
in investigation of kidney physiology. 


The authors are members of the Faculty of Medicine at the University of British 
Columiba in Vancouver, B.C., Canada V5Z 1M9. 
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EDS X-RAY ANALYSIS OF LIQUID MICRODROPLETS 
P, M. Quinton 


In slightly more than a decade, x-ray analysis of liquid microdroplets of volumes of 

the order of 10711 to 10-19 pL has evolved from a possibility put forth by Ingram and 
Hogben! to a well-accepted, standard method of analysis for biological microsamples per- 
formed routinely in numerous laboratories.2*~® Analysis of microdrops with energy-dis- 
persive spectometry (EDS) provides at least two inherent advantages: (1) the acquired 
spectrum provides simultaneous quantification of all elements present, and (2) the anal- 
ysis requires relatively minimal beam currents for sample excitation, which reduces po- 
tential specimen deterioration owing to beam damage. Two disadvantages inherently as- 
sociated with EDS are that (1) comparatively low peak-to-background (P/BG) ratios are 
generated by poorer detector resolution (typically 150 eV at FWHM), and (2) the simul- 
taneous detection of all characteristic peaks requires a well-characterized computer 
routine for separating overlapping peaks as well as for stripping background from the 
spectrum, 

Despite these limitations, EDS analysis of microdroplets is sufficiently sensitive 
to be of general use in the quantitation of most fluids of biological origin.°’’ That 
is, most of the elements in microsamples of fluid from various segments of the nephron, 
seminephrous tubules, sweat glands, salivary glands, and other biological fluids are in 
sufficient concentrations to be accurately determined by EDS x-ray analysis. However, the 
many laboratories with EDS capabilities make for a wide variety of applications; further 
characterization of the methodology is needed in order to ascertain the appropriateness 
of the technique in specific situations. This presentation briefly describes the method- 
ology and considers characteristics of (1) the minimum detectable and minimum determin- 
able limits (MDcL and MDrL, respectively), (2) the reduction of extraneous background by 
collimation, and (3) the effects of peak overlaps on quantification. 


Methods 


The methods of specimen preparation and analysis are similar to those described pre- 
viously.> Briefly, one volume of 50% glycerol in water and one volume of fluid sample 
are deposited together by means of the same constant-volume self-filling pipette onto a 
colloidin film under water-saturated hexadecane.® The samples are supported on a thin 
film rather than on a solid substrate, which reduces the total background sufficiently 
so that the MDrL of minor components such as sulfur, phosphate, calcium, or magnesium is 
below the normal biological range of concentrations. The film is supported by a 60% open 
100-mesh nickel grid. After samples of unknowns and standards have been deposited on the 
film, it is rinsed successively three times in hexane, to remove the oil. The deliques- 
cent nature of the glycerol prevents the samples from dessicating in room atmosphere even 
after the oil is removed. The samples are then placed inside a small vial and rapidly 
exposed to a vacuum of about 0.5 um Hg for a period of 5-10 min. The rate of dessication 
of particularly deliquescent samples such as CaCly or MgCig can be substantially enhanced 
by heating of the samples with an incandescent lamp. 

For x-ray analysis, the scanning electron microscope (SEM) is adjusted so that the 
accelerating voltage gives optimal peak-to-background ratios, i.e., 20 kV.> The beam cur- 
rent is adjusted to give a count rate of about 4000 cps with the most concentrated sample. 
The beam is adjusted in spot mode to a diameter that is slightly larger than the diameter 
of the largest sample (usually about 50-60 um). Beam current is usually less than 1 nA. 
A 30mm* detector collimated to 15 mm* (Fig. 1) and mounted at 37° with respect to hori- 
zontal provides a beam incidence angle and an x-ray take-off angle of 26.5°. 


The author is in the Division of Biomedical Sciences, University of California, 
Riverside, CA 92521. The support of NIH grants AM00324 and 20356, and the technical 
assistance of Ellen Atkinson are greatly appreciated. 
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Collimating Apertures 


FIG. 1.--Cross section of simple collima- 
tor cap for EDS detector tube. Cap is 
turned and drilled to appropriate dimen- 
sions for proper separation of aperture 
disks, which are cut from sheets of 
0.010in. hardened graphite. Relative 
diameters of the apertures and distances 
from detector surface determine "focal 
point" of collimator and "active" sur- 
face area of detector. 


background inherent to the electronic noise of the system.+® In previous work, 


The pulse processor is set for maximal 
peak resolution and the peaks of the acquired 
spectrum are deconvoluted, separated from over- 
laps, and stripped from background using the 
multiple-least-squares fitting routine of 
Schamber . 2 

In the examination of the specific aspects 
in this study, minimum concentration parame- 
ters were characterized by the analysis of 
solutions of Na,SO, at concentrations of 0, 
1.25, 2.5, and 5.0 mM. The effect of the ov- 
erlap of potassium K-8 peak on the calcium 
K-a peak was examined by analysis of 2.0mM Ca 
solutions containing potassium at 0, 2.5, 5.0, 
10.0, 50.0, and 100mM concentrations. The ef- 
fects of extraneous background were examined 
by measurement of the amount of background ge- 
nerated in solutions of sodium chloride at 0, 
37.5, 75.0, and 150mM concentrations and by 
determining background parameters with, and 
without, the detector collimator. 


Results and Dtscusston 


The limit of sensitivity of most counting 
analyses is determined by the background count 
rate. The background count in x-ray analysis 
consists of three components: (1) the back- 
ground inherent to the sample mass, bremsstrah- 
lung, (2) extraneous bremsstrahlung due to pri- 
mary and secondary electron interaction with 
mass not associated with the sample, and (3) 
it was 


assumed that most biological samples exhibit a mass approximated by that of a solution 


of 150 mM NaCl, i.e., isotonic saline, or interstitial fluid. 


Under those conditions, 


for most elements of biological interest (atomic numbers 11-20), the MDrL ranged from 
about 0.5 to 1.0 mM depending on counting parameters. 

However, several biological fluids such as hypotonic urine, sweat, and saliva occur 
with mass concentrations smaller than that of isotonic saline, with consequent changes 


in MDcL. 


Nonbiological applications such as might be employed in the analysis of en- 


vironmental waters also call for estimates of MDcL on samples with relatively low mass 


concentrations. 
from varying concentrations of standards. 


tion of the concentration of the standards used. 


Table 1 shows minimal detectable concentrations of Na and S estimated 


Inspection shows the MDcL is an inverse func- 
This function obtains because the nor- 


mal MDcL calculation assumes that background is a constant, but in the case of microdrop- 
lets supported on thin films, the component of background due to sample bremsstrahlung is 
directly proportional to sample mass. Consequently, as the concentration of the standard 
decreases, its absolute residual mass decreases, the background signal decreases, and the 
estimated MDcL decreases. 


TABLE 1.--Minimal detectable limit (in mM) for Na and S calculated from data from in- 
creasing concentrations of solutions of NajSO, by use of relation MDcL = 3B1/2C_./P, where 
P = total peak counts, B = background counts in ROI, and C,, = concentration in standard. 


NaMDcL | 170 


Conc. (mM) 


Frequently, a more useful parameter in quantitative analysis is the minimal deter- 


minable concentration. 


In the special case of solutions containing a single solute, 
the bremsstrahlung component is proportional to the characteristic peak. 
can be used to estimate the MDrL from calculations of the relative error (RE). 


This relation 
The rel- 


ative error for a single count is given by 


oe 

eo) 

ies) 
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= VEO 2S 


p x 100 


where P is the net counts in the peak and B is the background count under the peak.!! 
The MDrL is arbitrarily determined by the degree of tolerance, i.e., acceptable %RE, 


in a given analysis. 


For example, if a relative error of 10% provides acceptable accu- 


racy, we can empirically determine the relation between peak and background for a spe- 


cific system by analysis of several solutions of different concentrations. 


(The ratio 


of the characteristic peak to sample bremsstrahlung is principally a function of the 


resolution of the detector and size of the region of interest.) 


Figure 2 hows an ex- 


ample of the linearity and constancy of the bremsstrahlung to sodium peak ratio as a 


function of increasing concentration of single solute solution of NaCl. 


With 100 sec 


total acquisition time, BG/P and the BG intercept for solutions of Na,So, were found to 


be 0.14 and 1726, respectively. 


BACKGROUND AND Na PEAK COUNTS 
vs. NaC] CONCENTRATION 


No 8.G. Counts/IO sec (x102) 
Na Peak Counts/IO sec (xI0%} 


37 75 150 
Concentration NaCl (mM} 


FIG, 2,.--Net peak and background x- 


ray counts generated from increasing 


concentrations of solutions of NaCl 
only. Both counts are linear func- 
tions of Na concentrations so that 
P/BG is constant over concentration 
range. BG may be therefore calcu- 
lated as a function of P. The y- 
intercept of BG slope estimates ex- 
traneous (nonsample) component of 
total background. 


By substitution, the above expression reduces to 


_ vP + 0.28P + 1726 
oo 


Solution of this equation for P gives 488 counts, 
which under these parameters of analysis is about 
0.16 mM of Na. That is, with the given system and 
conditions the minimal concentration that can be 
determined with an accuracy of +10% at a confi- 
dence level of one standard deviation is slightly 
less than 0.2 mM Na. 


Cotltlimatton 


As is shown in Table 2, collimation of the 
detector is extremely important in the reduction 
of the extraneous component of background due to 
excitation of bremsstrahlung in nonsample mass. 

In this system, collimation improved the sodium 
P/BG ratio by 52% and reduced the Ni signal de- 
tected from the grid by more than 80%. Reduction 
of the detected Ni signal not only reduces the to- 
tal background, but also improves pulse processing 
efficiency. Presumably, fewer electrons are scat- 
tered by low-mass samples, and the difference be- 
tween detected Ni signal with, and without, colli- 
mation during analysis of these samples is even 
more striking. Again, collimation reduced the 
total background signal generated by excitation 
of film support with no sample present by more 
than an order of magnitude. 


Potasstum K-§ Effects 


Of the elements of principal interest in bio- 
logical fluids (Na through Ca), significant prob- 
lems of characteristic peak overlap exist only be- 
tween the potassium K-8 and the calcium K-o lines. 
Since calcium is of major interest in many experi- 
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mental settings, it is important to determine the effectiveness of the peak-stripping 
routine of the computer program used to calculate the peak integrals. To examine this 
parameter, we analyzed solutions of 2 mM Ca containing increasing concentrations of po- 
tassium chloride. Although Fig. 3 suggests that there may be a slight overcorrection 
for the potassium K-g8 line, the effects on the calcium line are minimal, if not negli- 
gible. The difference between the Ca peak integral at 0.0 mM and 100 mM K was only 6%. 
This difference would contribute an error of about 0.12 mM to the determination of Ca 
in the presence of 100 mM K. In general, since both calcium and potassium are normally 
present in biological fluids at concentrations of less than 10 mM, the error in calcium 
analysis with this routine should be negligible. However, if ultimate accuracy is re- 
quired at significantly higher potassium concentrations, appropriate standards should 
be used. 


TABLE 2.--Effects of collimation on background (BG) and Ni peak detection. (See Fig. 1 


for details of collimator.) 
| Total | Pp 
“BG 
| Collimator | 1620 | 7.73 
No Collimator 2332 5.08 
Film, no Collimator 36 | 
No Collimator 516 
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FIG. 3.--Net Ca x rays vs K concentration. In range shown, K-8 x-rays of potassium peaks 
appear to have only minimal effects on Ca K-a peak that are not corrected by peak-separa- 
tion routine used. 


Summary 


In general, EDS x-ray analysis is a powerful tool for quantification of liquid micro- 
droplets, and though the ultimate minimal detectable and determinable concentrations are 
somewhat inferior to those obtainable with other methods, they remain compatible with 
levels of accuracy and sensitivity needed for most biological and perhaps many other ap- 
plications. However, to achieve optimal accuracy and sensitivity, it is necessary to se- 
lect conditions that minimize the detection of extraneous background, i.e. film substrate, 
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proper acceleration voltage, and detector collimation. 
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DETAILS OF THE LIQUID DROPLET TECHNIQUE 
R. R. Warner and C. P. Lechene 
This paper presents some technical aspects 


technique.!** We discuss our observations 
trating effects; we present techniques for 


or "nuts and bolts" of the liquid droplet 
regarding liquid droplet storage and concen- 
analyzing samples containing protein; we men- 
tion our results regarding differential Cl loss; we point out a potential problem regard- 
ing Mg analysis; we compare two techniques for measuring background; we discuss a single- 
standard analysis; and we present minimum detectable concentrations for the major phys- 
iological elements. 


Concentrating Effects 


Prior to sample processing by the liquid droplet technique, nanoliter (nL) or pico- 
liter (pL) fluid volumes are usually stored under saline~saturated oil to prevent fluid 
evaporation that would artifactually elevate droplet concentrations. However, these 
droplets may still concentrate even under freshly prepared saline-saturated oil. We 
have shown that droplets placed under oil do not concentrate when stored at -80°C.3 How- 
ever, even very large droplets concentrate at room temperature, as shown in Fig. 1 for a 
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FIG. 1.--Effect of room temperature storage 
on droplet 3H inulin concentration. A 23nL 
droplet under oil was kept at room tempera- 
ture for 6 hr before sampling. The same 
droplet and procedure were used on subse- 
quent days. The droplet was kept at -80°C 
between tests. (From Ref. 3.) 


23nL droplet.? 


Hours of Exposure 


FIG, 2.--Effect of initial droplet volume on 
change in droplet concentrations after 3 hr 
under oil at room temperature. Values are 
the mean change in Na, Cl, K, P, S, Ca, and 
Mg concentrations. (From Ref. 3.) 


The rate of droplet concentration depends on the initial droplet size 


(Fig. 2): after a 3 hr exposure to room temperature under freshly water-saturated oil, 
the mean concentration for all analyzed elements increased nearly two-fold for a 176pL 
droplet but increased by only 15% for an 8nL droplet.? 
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We have investigated the storage of small (picoliter) droplets. Droplets of 79 pL 
were placed under freshly water-saturated oil, picked up and isolated by oil within in- 
dividual micropuncture pipettes, and the pipettes stored at -80°C. At intervals over 
a 2-week period, selected micropipettes were thawed, their contents expelled under 
freshly water-saturated oil, and aliquots taken for analysis. These droplets concentra- 
ted approximately 15% before freezing (Fig. 3), probably due to the waiting period under 
oil at room temperature; systematic concentration did not subsequently occur at -80°C. 

The storage at room temperature of small (198pL) droplets was investigated as fol- 
lows. Droplets of a 100mM NaCl solution ([Na].) were placed under freshly water-satu- 
rated 011 and were then picked up and isolated by oi1 within individual micropuncture 
pipettes. At regular intervals a stored droplet was expelled under freshly water-satu- 
rated oil and aliquots were taken for analysis and compared with identical aliquots from 
a large volume of the source solution ([Na],). The results (Fig. 4) are similar to those 


DROPLET CONSERVATION 
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20 
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Baye of Storave FIG. 4.--Na concentrations from 198pL ali- 
quots of a 100mM NaCl solution ([Na],) stored 
in micropipettes at room temperature compared 
FIG. 3.--Effect of storage at -80°C on with the Na concentration of a large volume 
79pL droplets containing H inulin. Drop- of the same solution kept under oil ([Na],). 
lets were stored within micropuncture Each point represents a single droplet; de- 
pipettes; “(From Reft...3-) terminations are from four separate experi- 


ments." 


obtained with droplets stored at -80°C (described above): droplets do not concentrate 
within micropipettes when isolated by a small amount of oil, although concentration ini- 
tially occurs during the droplet transfer steps where exposure to a large volume of oil 
is unavoidable.” 

It can be concluded that nanoliter or picoliter volume samples can be safely stored 
at -80°C for weeks, or within micropuncture pipettes at room temperature for hours. How- 
ever, it 1S important to use identical timing for a given set of sample manipulations of 
droplets at room temperature and to reduce this time as much as possible. 


Samples Contatning Protetn 


The presence of protein in fluid samples complicates the liquid-droplet technique in 
several ways: (1) the protein makes the accurate delivery of fluid from a volumetric pi- 
pette more difficult owing to the interaction of the sticky fluid with the glass (in 
spite of siliconization) ; (2) high concentrations of protein can absorb soft x-ray emis- 
sions, giving erroneously low concentrations when compared with the protein-free stan- 
dards; and (3) the presence of protein may alter the crystallization pattern of samples 
versus the pattern in standards and affect their comparison. Analysis of de-proteinated 
solutions is preferable; submicroliter volumes can be ultrafiltered by use of a single 
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hollow dialysis fiber as the ultrafiltration membrane?’*; nanoliter volumes can be ultra- 
filtered using a dialysis membrane mounted between two capillaries filled with oil.° 
Alternatively, protein-containing solutions can be quantitatively manipulated and ana- 
lyzed if the protein concentration is less than about 50 g/L, which can be accomplished 
by sample dilution. For example, plasma samples diluted by 1/2 with distilled water are 
relatively easy to pipette and give reproducible results that are comparable to macro- 
analyses of the same samples.?°5 A disadvantage of the dilution procedure is that unlike 
in ultrafiltration, the total element amounts rather than free concentrations are mea- 
sured. 


Differenttal Cl Loss 


It has been suggested that the relatively high Cl values found by electron-probe 
analysis in some biological fluids could be due to a differential loss of Cl in the 
standards and in the biological fluids containing organic material, and that this effect 
could be eliminated by the addition of urea to the standards.’ Our results do not con- 
firm this suggestion. We compared the chloride concentrations from kidney tubular fluid, 
plasma, and urine samples measured with respect to the usual salt-solution standards and 
with respect to the same standards plus urea. We observed only a minimal improvement in 
our Cl values; the mean difference obtained when using standards containing urea versus 
standards without urea was -2.08 + 2.83 mM (N = 136, t = 3.03). This is a negligible de- 
crease for the chloride concentration. 3 


Absorptton of Mg X rays by Na 


Although absorption effects in droplets can generally be ignored under most physio- 
logical situations,® that is not true for Mg in the presence of high Na concentrations, 
such as normally found in plasma samples. Mg X-rays are strongly absorbed by Na; as 
shown in Fig. 5, with increasing Na concentration the Mg concentration appears to de- 
crease, although its concentration is constant.? At physiological Na levels (150 mM) the 
Mg signal is attenuated by 18 + 4% (n = 7); however, at the very low Mg concentrations 
normally encountered in physiological fluids (0.6 mM), this error can be of the same or- 
der of magnitude as the precision of the measurement. 


Stngle Standard Analysis 


With the liquid droplet technique, droplet x-ray intensities are translated into molar 
concentrations by means of regression lines based on the analysis of a graded series of 
salt-solution standards; the curves are not forced through the origin.!’* However, a 
calibration curve could also be obtained by a single (high-concentration) standard with 
a "regression" line forced through the origin. Tests on a variety of salt solutions in- 
dicate (Table 1) that electron-probe results based on a single standard are slightly 
closer to macromeasurements than electron-probe results based on the usual series of 
salt-solution standards.? This single-standard technique would shorten the preparation 
time involved in the liquid-droplet technique, and could be more accurate in that the re- 
gression line would not be influenced by the analysis of standards having low concentra- 
tions where errors are larger. 


Background Measurement 


With the liquid-droplet technique, background for all samples is customarily measured 
by analysis of a clear area of the beryllium support without detuning of the spectrometers 
(off sample, on peak).* It could be argued that this procedure is imprecise, and that one 
should measure the background on the sample by detuning the spectrometers to equidistant 
points above and below the characteristic line and averaging the two measurements (on 
sample, off peak). We have compared these two procedures for measuring sample background 
using paired analysis. Off-peak measurements were made on the standard solution of high- 
est concentration, thus maximizing possible differences in on-sample vs off-sample back- 
grounds. As shown in Table 2, we found no significant differences between the on-peak and 
off-peak backgrounds for Na, Cl, or K, whereas highly significant differences were found 
for P, S, Ca, and Mg. This result contrasts with a previous study that found essentially 
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TABLE 1.--Comparison of data reduction by use of customary series of standard solutions 
(St) and one solution (Os). 


2% = ( ((EP ~ Macro)/Macro)x100)/N, or the mean of the difference expressed 

in percentile between electron probe analysis (EP) and macromeasurements 
(Macro) of different salt solutions, the value for each solution being the mean 
of 16 measurements. 


TABLE 2.--Paived comparison of background determinations measured on-peak and off-peak 
(N = 10). 


Na Cl K P 5 Ca Me 
% Difference 0.68 12.6 1.15 ~6.61 14.2 ~8.43 8.16 
4° 0.81 1,95 0.39 6.06 3.79 6.11 8.73 
NS NS NS 


N 
A tans a (aa on peak-value off peak ) 
@ Difference: value on peak ¥ 100 


DE: Student's t value for null hypothesis (value on peak = value off peak) 


CNS: Not significant, P > .05; accept null hypothesis. 


no differences between the two background determination procedures. Our primary point 
is that the numerical magnitudes of the differences are small. Although the off-peak 
analysis may be preferred on theoretical grounds, in practice this procedure would re- 
quire three measurements on each sample (on peak and above and below peak), which pre- 
sents difficulties in implementation; either the spectrometers can be tuned and detuned 
for each sample, or all samples can be analyzed at each spectrometer setting. Retuning 
of the spectrometers for each sample creates problems in finding the same on-peak spec- 
trometer setting for each sample. Separate runs at each spectrometer setting exacerbates 
problems of instrument drift. We feel that off-peak analysis may in practice be less pre- 
cise, and that on-peak background determinations are generally preferable given the small 
numerical differences between the two procedures. 


Minimum Detectable Coneentrattons 


No absolute value can be assigned to the concentration detection limit since this 
limit varies inversely with analysis time and (as shown by Fig. 6) directly with the 
pipette size. We have determined minimum detectable concentrations obtained under rou- 
tine operating conditions (50 sec per sample, 64.7pL samples). Backgrounds were mea- 
sured on sample, off peak. Determinations were made on samples mounted on the customary 
beryllium blocks!’? as well as mounted on formvar grids’? ; backgrounds were reduced by an 
order of magnitude with the use of formvar films.!!’!2 Minimum detectable concentrations 
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FIG. 5.--Measured attenuation of Mg x rays FIG. 6.--Mg P-B/B ratios for a standard so- 


by Na. At all Na concentrations the true lution containing approximately 0.5 mM Mg. 
Mg concentration was the same. (From Ref. Values in parentheses are the number of de- 
9.) terminations. Error bars are standard de- 


viations. Determinations are from routine 
analyses obtained under automated conditions 
over l-yr period. 


determined from measurements using beryllium blocks or thin films are shown in Table 3. 
Minimum detectable concentrations obtained under routine operating conditions were cal- 
culated to be approximately 0.2 mM with beryllium blocks and 0.1 mM with thin films; 
however, experimentally we were unsuccessful in accurately measuring 0.1mM concentra- 
tions with thin films. !? 


TABLE 3.--Minimum detectable concentrations (mM). 


P > Mg Ca K Na Gl 
Block 0.18 Out? O22 0.74 0.71 0.28 0.31 
Film 0.09 0.09 0.05 0.05 0.05 0.18 0.24 
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ANALYSIS OF ORGANIC SOLUTES IN MICRODROPLETS 
R. Beeuwkes 


Electron-probe x-ray microanalysis of microdroplets has now become routine in many lab- 
oratories. When the sample volume is extremely limited (of the order of 10-2 L or less) 
this approach makes experimental studies possible that could not be otherwise considered. 
However, microdroplet analysis as commonly practiced is restricted to the determination 
of elemental composition, such as sodium or potassium, and can only be applied to the 
study of organic molecules when those molecules contain characteristic, naturally occur- 
ring marker elements. Through the use of specific chemical reactions it may be possible 
to add an elemental label to a compound of particular interest, or to use the unknown 
compound to promote the formation or precipitation of a molecule containing a distinctive 
and quantifiable element. In the course of studies of the renal concentrating mechanism 
we have found it necessary to develop an analytical technique for the measurement of urea 
in specimens of 50 pL or smaller. Although the concentration of urea in the droplet is 
on the order of 100 mM, the absolute quantity involved is only about 5 picomoles. The 
method employed is based on the precipitation of urea in combination with thioxanthen-9-ol, 
a sulfur-containing compound. Although this method is specific only for urea, certain 
features of the analytical approach may be of more general interest. 


Analytteal Technique 


The chemistry of the analytical scheme is shown in Fig. 1. Urea, consisting of car- 
bon, oxygen, hydrogen, and nitrogen, lacks a distinctive elemental label. However, urea 
is known to react with xanthen-9-o0l to form the insoluble complex di(xanthen-9-o01) urea. 
Replacement of the oxygen in xanthen-9-ol by sulfur at a nonreactive site creates the new 
compound thioxanthen-9-o01, which, when reacted with urea, yields an insoluble product in 
which each urea molecule is associated with 2 moles of sulfur. The preparation of these 
reagents has previously been described in detail.} 

Specimen droplets are deposited under water-saturated oil onto the surface of slices 
of polished single crystal silicon (Semiconductor Processing, Inc., Hingham, Mass.). The 
use of silicon instead of beryllium supports is advantageous because of convenient size 
and shape, low cost, and absence of toxicity. The x-ray background on such supports is 
only 2-3 times the very low levels commonly achieved with beryllium. To provide multiple 
crystallization sites, we apply a very thin coating of dixanthyl-urea crystals (sulfur- 
free) by spraying a saturated solution onto the silicon surface with a simple atomizer. 

A single 5 x 24 mm silicon wafer easily holds many hundreds of specimens. 

The chemistry requires the establishment of fixed concentrations of acetic acid, meth- 
anol, and thioxanthen-9-ol within each 50 pL specimen droplet. This is simply and easily 
achieved by placing the silicon sample support in oil containing these reagents. Because 
the reagents are soluble in both oil and water, when reagent-loaded 011 comes in contact 
with an aqueous droplet, reagents diffuse into the droplet until a stable equilibrium, 
defined by partition coefficients, is reached. Thus no pipetting of reagents is neces- 
sary and concentrations in each drop are exactly equal. The amount of reagent in the oil 
is effectively infinite compared with that removed by the reaction, so that it is essen- 
tially impossible to deplete the reagent source. Thus, as the reaction proceeds, thioxan- 
then-9-ol is precipitated and more diffuses into the droplet so as to maintain the parti- 
tion equilibrium. The reaction is allowed to go to completion during a period of 60 min 
at 30°C. Excess reagent is removed by the same principle. The silicon wafer is removed 
from the reagent-loaded oil and rinsed in pure xylene or isopentane. The water from the 
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droplets is not removed during the rinsing procedure, and it 


Hone is allowed to dry in air. Freeze-drying is not required since 
=o the size of the crystals of urea complex was defined by the re- 
action conditions. Inorganic solutes such as sodium, potas- 
Hoa, sium, and chloride are not removed from the droplets by the 
partition processes and remain within the dry residue as very 
aay small crystals dispersed within the urea reaction product. 


X-ray microanalysis is performed by means of a Cameca MBX 
instrument. A 20keV, 200nA beam, is defocused to cover the 
largest specimen spot, typically 70-100 um in diameter. Crys- 
tal spectrometers are used and these are tuned on the reaction 
product itself. Only 10 sec of counting time is required on 
each spot, although for better statistics longer counting times 
may be used. No change in counting rate for any of the ele- 


A ments studied has been observed in repeated counts made during 
HO H a period of over 100 sec. Background is measured on-peak, off- 
specimen, and subtracted. A standard curve for urea in a solu- 

I XANTHEN-9-OL tion also containing sodium, potassium, and chlorine is shown 


in Fig. 2. The limit of sensitivity is reached at less than 
1 picomole of urea. 


Dtscusston 


Some features of this technique may be useful in the analy- 
sis of other organic compounds. The labeling reagent was de- 
veloped by the substitution of sulfur for oxygen in a nonfunc- 
tional site. Such oxygen molecules are common in organic rea- 
——O gents. Many organic reagents either have appropriate parti- 
tion coefficients or can be made to have them by substitutions 
of polar or nonpolar side chains. Such reagents include both 
acids and bases. Because ionic constituents are neither added 
nor removed, simultaneous multi-element analysis is possible. 

Although the analytic scheme is straightforward, there are 
many areas of potential difficulty. Most should be obvious to 
persons familiar with chemical analytic technique and micro- 
droplet analysis. An obvious source of error would be the 
presence of significant quantities of endogenous sulfur in the 
solution to be analyzed. Similarly, loss of the unknown com- 
pound to the covering oil would lead to serious error. To 
test for loss of urea we have left unreacted droplets under 
the covering oil for periods in excess of 2 hr before adding 
the reagents. No urea loss is observed (Table 1). Other 
sources of inappropriately increased or decreased sulfur sig- 
nal may include the continued presence of unreacted reagent 
due to insufficient washing, or inaccurate spectrometer tuning. 
Crystal spectrometers must be tuned on a specimen of reaction 
IZ THIOXANTHEN-9-OL product itself, so thatthere is no need to correct for any chem- 
ical shift. Reaction conditions must be adjusted so as to ob- 
tain uniformly dispersed crystals of very small size. The pre- 
seeding technique is of great importance in this respect. The 
accelerating voltage must be sufficient to excite the full 
thickness of the precipitate, and the precipitate must be suf- 
ficiently thin so that x rays--both of sulfur and of light ele- 
ments such as sodium--can reach the detector without attenuation. If the dried droplet 
size is very large, it may exceed the region of best focus for a high-resolution spectro- 
meter. That does not seem to be a problem for spot sizes of the order of 100 um at a 
take-off angle of 40°. For increased sensitivity, it has been suggested that precipitates 
be formed on thin films or beryllium surfaces. In our experience, thin films have proved 
too fragile for routine use, and beryllium surfaces may be attacked by acid media. Finally, 


FIG. 1.--Molecular struc- 
tures of reagents used in 
microdroplet urea analy- 
sis. 
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the solubility of the product in the medium, even though very small, must necessarily 
result in some product loss. The sensitivity of 10-!2 mole routinely achieved using the 
methods described is adequate for the present needs of our laboratory. 

The use of x-ray microanalysis for the quantitative estimation of organic solutes in 
microdroplets is a new and largely unexplored area. Although the technique described here 
was based upon the adaptation of conventional organic chemical techniques, extensions with- 
in the biochemical realm appear feasible. For example, the activity of soluble enzymes 
might be studied by the precipitation of inorganic phosphate. Adaptations of this approach 
might be used for co-factor analysis. The histochemical literature contains a wealth of 
specific reactions resulting in insoluble products, many of which may be adaptable to mi- 
crodroplet or gelatin film preparations. 
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FIG, 2.--Sulfur 
counting rate 
observed during 
X-ray microanaly- 
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action products. 
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sents mean + S.E. 
of 10 replicate 
ae analyses of single 
fe 2 = standard solution. 
: . : : Picomole scale is 
0 30 100 150 based on pipette 


UREA mmoles/L volume of 48 pL. 


COUNTS 
PER SECOND 


100= E 


TABLE 1,.--Counting rates observed on urea specimens after immediate and delayed precipi- 
tation. To test for loss of urea, 40pl specimens of each of three standard urea solu- 
tions were pipetted under oil 0, 1, and 2 hr before precipitation reaction was begun. 
Each resulting precipitate was counted for 10 sec; mean + SD (background subtracted) of 


counts recorded in each group is shown in Table. No decline in counting rate was observed 
as function of time. 
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VARIATIONS IN CHARACTERISTIC SIGNALS OF THE ELEMENTS DURING MICROPROBE ANALYSIS OF 
DROPLETS: A REVIEW 


N. G. Roinel and A. F. Le Roy 


The possibility that the characteristic signals which give the measure of droplet content 
vary with the irradiation time has become clear during the past five years. These varia- 
tions have been observed by means of both energy-dispersive systems (EDS) and wavelength- 
dispersive systems (WDS). This paper attempts to summarize the present state of the art. 

The first reports about quantitative analysis of droplet content by WDS did not men- 
tion variations in counting rates or losses of elements during irradiation.4~* They con- 
cerned analyses performed at various beam-current densities and accelerating voltages. 

In the course of 32min irradiation, Morel and Roinel detected no variations in the Na or 
K counting rates of a mineral solution, at 2 x 107% A-cm-* and 20 kV.2 The same observa- 
tion was made by Garland et al., who followed Na, Cl, and K counting rates in tubular 
fluid and plasma samples for 10 min at 3 «x 107? A-cm™* and 15 kV.3 Lechéne reported a 
possible decline in the chlorine counting rate of a mineral solution, for beam current 
densities above 3.8 x 1079 A-cm™ at 11 kV, and mentioned that this decline could be 
avoided by using a lower current density or a higher accelerating voltage.° Mg, P, Ca, 
K, and Na signals from the same standard solution were stable over 13-l6min irradiation 
at 1.5 x 10°* A-cm™ and 11 kV. 

Since 1975 the publication of various observations has shown that droplet analysis 
was not at all comparable to tissue analysis. Beam damage to tissue sections is mani- 
fested by a drop in the continuum radiation, by which the mass of the analyzed area is 
measured.©?? This drop seriously complicates quantitative analysis of thin biological 
sections. It is generally assumed that the characteristic intensities in tissue sections 
do not change with time, but this assumption was recently qualified by Hall.® The obser- 
vation that during droplet analysis the characteristic intensities of some elements may, 
under certain conditions, vary, might seriously undermine the accuracy of an analysis per- 
formed under such conditions. 

Morgan et al. used an EDS to analyze isoatomic mineral solutions sprayed into drop- 
lets 3 pm in diameter.? These analyses, in which droplets were covered by an 80kV de- 
focused beam, lasted for 200 s; beam intensity was not measured. These authors determined 
an "overall sensitivity factor" for several elements; for chlorine, the intensity of the 
signal was half that expected. This result was attributed to thermal removal of chlorine 
from the droplets during analysis, as reported for NaCl by Sweatman and Long./® Attempts 
by Morgan et al. to reduce this loss by lowering beam intensity were not successful. 

Roinel reported stable Na, Mg, P, Ca, and K counting rates throughout 1000s irradia- 
tion with a beam of 4 x 1073 A-cm-* at 15 kV.!1 As to the chlorine signal, it was observed 
to be stable in urine, plasma, and tubular fluid samples, but to decrease in the mineral 
solutions used as standards. The higher the beam current density and the sample mass 
thickness, the greater the loss in chlorine. This loss appeared to be independent of the 
beam accelerating voltage value within a range of 12-18 kV. The signals of bromine and 
iodine originating from pure KBr and KI exhibited a similar decline in counting rates 
with the irradiation time. The difference as regards signal stability between mineral 
and biological fluids was attributed to the presence of organic compounds in the latter, 
since addition of urea to the mineral solutions resulted in stable counting rates. In an- 
other investigation, it was found that the loss in chlorine depended on the accompanying 
cation, and that the sulfur signal from sulfate droplets decreased with time, but was 
stable when it originated from aminoacids such as methionine and cysteine. !4 

Like Morgan et al., Marshall used isoatomic mineral solution droplets sprayed onto 
film-covered grids to calibrate an EDS.!% These analyses were performed at 100 kV with 


Author Roinel is at the Department of Biology/LPPC, Saclay Center for Nuclear Studies, 
B.P. 2, F-91190 Gif-sur-Yvette, France; author Le Roy, at BEIDRS, National Institutes of 
Health, Bethesda, MD 20014. 


129 


a current density of 1 to 2 x 10~2 A-cm-2, The duration of the measurement was not men- 
tioned. Fifty to 80% losses of chlorine were also observed, depending on whether the 
film coating was Al or C. Those losses were not reduced when the measurements were per- 
formed at -180°C. A further observation that droplets sprayed onto cold grids lost 90% 
of their chlorine signal led Marshall to suppose that the drying rate was important in 
restricting chlorine losses. The quicker the drying, the smaller the crystals composing 
the droplet and the smaller the loss of chlorine. Furthermore, as this loss was smaller 
for films coated with aluminum than with carbon, Marshall concluded that the thermal con- 
ductivity of aluminum-coated films was better. 

Unlike other groups, Rick et al. mentioned no chlorine loss with an EDS at a beam- 
current density of 6 x 107© A-cm™* at 25 kv.!* Also with an EDS, but with an 0.5nA beam 
scanning 80 x 80 um* at 20 kV, Quinton reported no loss in KCl for 50 min of irradia- 
tion.!5°16 On the other hand, when H,S0, was added to NaCl, the chlorine loss observed 
was equal to the amount of acid added and was abolished by the addition of a base such 
as LiOH. Quinton explained the loss by the formation of volatile HCl, which is impossible 
in the presence of a base. 

Lechéne and Warner reported that the chlorine concentration measured with the electron 
microprobe dropped as the calcium concentration in the sample rose.?? A correction equa- 
tion was calculated, relating the real chlorine concentration to the value measured and 
to the calcium concentration in the sample and in the standard solution. The chlorine 
loss was thus explained by the simultaneous formation of Ca(OH)» and volatile HCl. 

Roinel et al. reported several kinetic curves for Cl and S signals from various pure 
and mixed salts. The variations in counting rates were followed for 1200 s with beam- 
current densities of 2-9 x 1073 A-cm™? at 15 kv.!8 Depending on the salt, the kinetics 
and direction of the variation (increase or decrease) varied considerably. Cation sig- 
nals were reported to vary concomittantly, but to a lesser extent. Le Roy and Roinel 
studied the influence of two parameters--beam current density and sample mass thickness-- 
on the kinetics of chlorine losses from KCl and NaC1.!9 The accelerating voltage was kept 
constant at 15 kV. With a computer, the curve for the Cl counting rate, expressed as a 
percentage of the initial value, was fitted to the sum of two negative exponentials. Such 
curves were sometimes preceded by a plateau, whose duration was negatively correlated with 
beam current density. This density had a greater effect on the exponential periods than 
the sample mass thickness. Table 1 summarizes the observations concerning chlorine losses. 

It is thus widely recognized that, during droplet analysis by electron microprobe, the 
characteristic signals of many elements in addition to chlorine may vary with time, es- 
pecially in the mineral solutions used as standards. The observations reported here have 
not yet been substantiated by coherent explanations. Despite the difficulty of comparing 
results, owing to variations in experimental conditions, the present findings clearly indi- 
cate the role of major factors such as the thermal conductivity properties of the sample, 
and the formation of volatile compounds. Independently of an explanation which would con- 
nect all those observations, the users of the microdroplet technique must bear in mind that 
depending on their conditions of analysis, signal instability can occur for any element in 
any solution, and that accurate analysis requires prior checking of signal stability. 
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TABLE 1,--Losses in chlorine for various samples and analytical conditions. 
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1975 -0.01 G sample mass thickness 
Plasma, urine, &| 15}0.004 1000 | WDS’ Wo loss Loss pre- 
tubular fluid vented by 
organic 
compounds 
Marshall,?? Mixture of 100/0.01 EDS 60-80% loss 
1977 mineral salts 
Rick & al.,!* [| KC1 25/6 x 107-6 EDS Wo loss 
1977 
Quinton,!5,16 |Kc1 2010.5 nA 3000 | EDS Wo loss 
1978 scanning 
80 x 80 um Formation 
NaCl + H,SO, 20 a". EDS |Loss equal to Ht of vola- 
tile HCl 
Lechéne §& NaCl + CaClo5 WDS |Loss dependent on Ca Forma-~ 
Warner,!’ 1979 tion of 
Ca(OH) 9+ 
+ HC1+ 
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Roinel,!2 1980]KC1 -0.015 function of A/cm* 
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Geological Applications of Microanalysis 


SIMPLE QUANTITATIVE ENERGY-DISPERSIVE ANALYSIS OF EXOTIC MINERALS: ANALYSIS OF SYNROC 
BY POCKET CALCULATOR 


N. G. Ware 


The SYNROC method of disposal of nuclear reactor waste material involves the synthesis 

of a mineral assemblage which is capable of holding all the radioactive elements in crys- 
tal lattices for long periods of time.! Such an assemblage consists of perovskite 
(CaTi03), zirconolite (CaTizZr07), and a mineral with the hollandite structure (BaAl> 
Tig0)¢). Development of this technique requires extensive use of microbeam analysis. 

The partitioning between the various phases of elements such as strontium, cesium, urani- 
um, and the rare earths must be measured by microanalysis of experimental charges; solid 
solutions within the principal minerals must be determined accurately and extraneous 
phases, sometimes not described previously, must be analyzed. In addition, much micro- 
probe time is required for research into alpha-particle damage of naturally occurring 
minerals and investigations of alternative mineral assemblages.? 

Such work poses severe problems for the microanalyst. The crystal size in subsolidus 
experimental charges rarely exceeds 10 um, the combined x-ray spectra of the constituent 
elements are very complicated, and the feedback time between microprobe and experimental 
petrology laboratories must be kept to a minimun. 

The sequential ''simplex'' or PIBS (peak integration with background subtraction) meth- 
od of energy-dispersive electron-beam analysis has proved successful for the analysis of 
common rock-forming minerals where the errors in calculation of continuum intensity and 
estimation of peak overlap are tolerable.*-° This paper indicates how the technique may 
be extended to provide serviceable data reduction of spectra containing severely overlap- 
ping peaks and continuum formed by high atomic number matrices. 


Data Handling Constderattons 


An advantage of using the PIBS method is that an on-line computer is not essential 
for obtaining good quantitative energy-dispersive analyses. Indeed, a small electronic 
calculator is all that is required for some applications where good standards are avail- 
able. The first step in the data reduction is the integration of the contents of the 
energy channels covering the full-width half-maxima (FWHM) of the relevant x-ray peaks. 
This procedure results in a small set of numbers and may be done by hard-wired multi- 
channel analyzer. However, some early models lack the facility for integrating overlap- 
ping groups of channels and, in SYNROC mineralogy, there are several cases of mutually 
overlapping FWHMs. Nevertheless, an on-line computer has many uses and rapid data re- 
duction is possible by the PIBS method even when interpretative languages like BASIC and 
FOCAL are used. 


Conttnuum Subtractton 


The contribution of bremsstrahlung to the integrated count in a FWHM is estimated by 
measurement of the x-ray intensity in parts of the spectrum known to be free of peaks and 
interpolation by application of predetermined empirical ratios corrected for absorption 
and backscattering. Omission of the backscattering correction results in a negligible 
error when one is analyzing samples such as silicates, where the mean atomic number is 
low and uniform, but the correction must be included for the variable high atomic number 
phases found in SYNROC.® Correcting the continuum ratios for absorption and backscatter- 
ing requires very little extra computing effort as both corrections must be included any- 
way in the ZAF routine.* Such corrections are impractical when the simplified pocket 
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calculator approach is used but good results are obtainable nevertheless on the basis of 
carefully selected standards. For example, the limit of detection of uranium in zircono- 
lite is 0.08% by the full correction procedure and 0.1% by the simplified method. 


Peak Qverlap 


Energy dispersive spectra composed entirely of K lines are readily resolved. Mutual 
Ka overlap at low energies is of the order of only 1% and although K&/Ka overlap may 
reach 13% of the parent peak, the spectrum may be stripped sequentially starting at the 
lowest energy. However, in other spectra mutual La overlap can exceed 50% and SYNROC 
spectra contain the notorious BaLa/Tika overlap which is about 90%. Nevertheless, simple 
algebraic solutions can give quite good results. If A and B are the FWHM intensities of 
two mutually overlapping peaks, I, and I, the measured uncorrected intensities at the 
FWHM, and a, and b, the overlap ratios of A on B and of B on A, then two simultaneous 
equations may be written the solutions of which are 


A 


Ce 


17) 
{] 


og Bra Gs 


where P = (1 - apbg). The solution for FWHM intensity C in the case of three simultane- 
ously overlapping peaks is more complicated but still simple enough to calculate without 
invoking statistical or matrix computer library subroutines: 


C 


LE 7 ay? a? Z ore ~ ab) ~ APs 7 ab.) 1/Q 


1 


where Q (1 - boy = ae 4 apd. + a ob, + ab c.)- 

By means of these equations the simultaneously overlapping Sr, Y, and Zr or Y, Zr, 
and Nb L-lines and the mutually overlapping U and Th M-lines all may be resolved. The 
smaller the denominator P or Q in the above equations, the larger is the error in calcu- 
lating the peak intensity. The large error in the resolution of Ba and Ti may be reduced 
by an additional measurement, of the intensities of the Kg and L8 lines, which leads to 
four equations with two unknowns that may be solved by conventional statistical proce- 
dures. Repeated measurements on a standard hollandite show that an adequate precision 
may be obtained by this method (Table 1). 

Table 2 shows the steps necessary for the "pocket calculator" computation of a na- 
turally occurring zirconolite. Once the calibration factors have been determined and 
ZAF correction coefficients calculated, such a calculation may be performed "manually" 
within the time required for the measurement of the next spectrum. 


TABLE 1.--Mean and standard deviation of 50 analyses of synthetic BaAloTigOj¢. 


wt.% 6 theoretical 

composition 
Ti05 66.1 1.2 65.25 
A103 13.7 0.2 13.88 
Bad 20.4 0.6 20.87 
Total 100.2 100.00 
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TABLE 2.-~Simplified analysis of natural zirconolite. 


Line FWHM-Channels Counts Background Overlap wt.% wW.D. Analysis 
Mg Ko 60- 66 9793 9574 0 0.1 0.13 
Zr La 99-107 104949 10941 3893 27.0 eras 
Nb La 105-113 66366 10473 46413 2.9 3.1 
Background 128-134 7213 7273 0 - ~ 
Th Ma 147-155 9819 8463 179 0.6 0.58 
U Ma 156-164 9558 8322 681 0.3 0.31 
Ca Ka 181-188 41592 6317 0 11 12.9 
Ti Ka 222-229 57464 4322 0 21.2 21.5 
Nd Lo 257-265 5679 4562 50 0.4 0.43 
Fe Ka 316-324 8640 3370 46 3.5 3.9 
Background 380-388 2160 2160 0 0 - 
Ta La 403-411 2043 2029 0 <.1 0.04 
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APPLICATION OF SCANNING ELECTRON MICROSCOPY TO THE CANADIAN RADIOACTIVE WASTE 
DISPOSAL PROGRAM 


P. J. Chernis, D. A. Walker, and A. G. Plant 


In the development of the Canadian program for the disposal of radioactive waste, a re- 
search project is under way to determine whether or not hard rock formations (granite 
plutons) within the Precambrian Shield possess the requisite structural and petrological 
characteristics to serve as repository sites.!?2 As a contribution to this project, we 
are concerned with the development of methods to measure microcrack content, rock fabric 
parameters, and related properties of drill core as a basis for the interpretation of 
rock properties derived from electrical resistivity, porosity, and other measurements. 
The application of the scanning electron microscope (SEM) to the study of microcracks 
and pores in rocks was first described by Timur et al.3? The importance of careful sample 
preparation of polished rock samples for these studies was recognized by Brace and co- 
workers who used an ion miller to remove a surface layer containing microcracks enhanced 
and/or induced by the cutting and polishing processes.*’> ‘We have adapted and further 
developed this procedure to the preparation of doubly ion-milled polished thin sections, 
and have adopted video tape recording (VTR) as the mode of image recording and routine 
sample examination. 


Sample Preparatton 


The high-quality polished thin sections of granites and other rock samples are pre- 
pared from drill core by the following procedure. Smail tablets, 2 x 2 x 0.3 cm, are 
cut from the core by a thin blade saw. As sawn-induced microcracks can extend about 30 um 
into a surface, one of the larger surfaces of the tablet is ground and polished to remove 
any of these artifacts. This surface is then ion-milled for 15 hr by a Technics MIM 4C 
ion miller to remove any effects induced during the polishing stage. This intentional 
overmilling produces a surface with an exaggerated topography to provide for improved 
bonding of the tablet to a glass slide. After the ion-milled surface of the tablet is 
bonded to a frosted glass slide by means of cold setting.epoxy, the tablet is ground and 
polished until a section with a thickness of about 100 ym is produced, about triple the 
thickness of a conventional petrographic section. This polished surface is then ion- 
milled to remove debris and surface damage produced by the mechanical preparation methods. 
The ion milling reduces the thickness of the section by 10-15 um and allows investigation 
of pristine surfaces of the rock sample. Milling time is limited to between 8 and 12 hr 
to avoid production of an over-exaggerated topography with milling-induced hummocks. 
Bridges (Fig. ld) resembling those seen by Brace et al.‘ remain intact, and indicate that 
the process produces a polished thin section that is entirely free of mechanical damage 
features. 

In preparation for subsequent SEM examination, the thin sections are coated with 50 A 
of Au-Pd in a Technics Hummer V sputtering unit. This thin film of Au-Pd does not hinder 
any further optical microscopy that may be necessary, whereas the more commonly used film 
of 200-400 A applied by others would mask most details.°’® Moreover, the 50A Au-Pd layer 
is sufficient to provide the advantage of a higher secondary electron emission compared 
to that of carbon, necessary for high magnification imaging, and yet thin enough that 
neither Au nor Pd x-ray peaks are observed in energy-dispersive spectra. 


Sample Observatton 


Mosaics of color photomicrographs with a magnification of 30x are used for prelimi- 
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FIG. 1.--(a) Transgranular microcrack crossing plagioclase grain Pl has followed grain 
boundary for 20 um before passing into quartz Qz. (b) Detail from (a) showing fine, 
short intergranular microcrack (arrow) along grain boundary between quartz Qz and plagio- 
clase Pl, and narrow intragranular (cleavage) microcracks in plagioclase (arrow). (c) 
Intragranular microcrack in microcline. Note irregular sizes and shapes of pores along 
microcrack, and bridges and infilling material within. Characteristic tartan twinning 
of microcline is seen as patterned milling hummocks. (d) Intergranular microcrack along 
a quartz-quartz grain boundary is characterized by narrow aperture with fine bridges 
(arrows). 
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nary optical observations of the thin sections prior to SEM observation when they are 
used to identify and locate areas for detailed study of any microcracks. These mosaics 
illustrate the entire area of the section (4 cm*) and allow a more representative selec- 
tion of microcracks than is possible with a mosaic covering only a small area and com- 
posed of low magnification SEM photomicrographs.® The microcracks are classified as 
being intergranular, intragranular, or transgranular (Fig. 1), and each type may be re- 
lated to physical properties such as porosity and permeability. Following the method 
described by Underwood,’ parallel traverses are used to collect data on aperture and 
density for each type of microcrack for use in comparisons of calculated porosity and 
permeability with laboratory measurements. An energy-dispersive spectrometer is used 
to confirm the optical identification of mineral grains and for subsequent analysis of 
bridging and infilling materials. 


Image Recording 


High-resolution videotape recording equipment (Sony Model V0O2610) has been selected 
over photographic recording for routine examination of the thin sections for reasons of 
expediency and cost, without any substantial sacrifice of image quality. In our system, 
the SEM image is transferred to the VIR via a video storage unit incorporated into an 
ETEC Autoscan SEM. This mode of recording is preferred to video recording at normal 
television rates as it permits considerably higher magnifications and lower noise levels. 
Images are routinely stored at magnifications up to 30 000x, which may be increased to 
120 000x by use of a zoom control on the video storage unit. Considering the size of 
our video monitor, (12 in.), the resultant magnification may be up to 240 000x. Micro- 
cracks of 50-100 A can be resolved with this procedure. The VIR system has a number of 
advantages over the use of a photographic recording medium. Over 150 images, each last- 
ing 10 sec, may be stored on a l-hr video cassette, at a quarter of the cost of the 
equivalent amount of Polaroid film. In addition, the speed of videotape recording com- 
pared to that of photographic recording allows three to four times the number of images 
to be recorded per session. Combined with this increased efficiency of VIR for image 
storage and analysis, the use of the polished thin sections is providing a greater un- 
derstanding of the relationship between the physical properties of a rock and its micro- 
crack characteristics. 
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CRYOGENIC ELIMINATION OF SODIUM LOSS IN GLASSES DURING EPMA ANALYSIS 
C. H. Nielsen and Haraldur Sigurdsson 


A problem often encountered in the quantitative microprobe analysis of hydrous and rhy- 
olitic synthetic and natural glasses is the time dependent loss of Na Ka, and to a les- 
ser extent K Ka, x-ray intensity with exposure to the beam.!~* This phenomenon clearly 
prohibits the precise chemical characterization of the glass due to the continuously 
changing alkali metal concentration. The increased application of the electron probe 
microanalyzer (EPMA) to radioactive waste encapsulation as well as geologic materials 

has further emphasized the problem of alkali loss. We describe here two methods which 
deal with the loss of sodtwm during analysis. One approach eliminates the problem by a 
cryogenic technique; the other predicts the initial concentration by fitting the decay 
curve. 

This depletion of alkali metal ions from the glass can be most simply described by 
a model suggested in 1962 by Lineweaver.° The first step in the model requires that in- 
cident electrons ionize the alkali metal by splitting it from one of the bridging oxy- 
gens. Next, as the beam heats the glass above a certain temperature the alkali metal 
ion becomes mobile and diffuses out of the excited volume towards a space-charge layer 
created by the beam several microns beneath the surface. This migration of the more mo- 
bile species out of the region where x rays are generated accounts for the loss of alkali 
counts during analysis. Hence, the effect is more pronounced for Na because it has a 
higher diffusivity than K in most glasses.© Furthermore, the thermal character of the 
process explains what has been observed in some materials and labeled as an tncubattion 
period.’ This is a nearly flat region in the beginning of the decay curve, which prob- 
ably represents the time required for the sample to attain the temperature necessary for 
the alkali diffusion. 

It is this incubation period that is most likely the key to the solution of the prob- 
lem. It has been shown that the incubation period can be shortened by increasing the 
initial specimen temperature.’ According to Lineweaver's model this relation could be 
explained by the suggestion that the alkali metal ion reaches its diffusion temperature 
more rapidly. The obvious question is whether the reverse is true: if one were to re- 
duce the initial specimen temperature, would the incubation period increase? Further- 
more, can one lengthen the incubation period enough to allow a reasonable analysis of 
the sample? 


Methods 


Rhyolitic glass fragments (KN-18) containing 5.68% Na,O and 4.39% KO and ranging in 
size from 20 to 200 um in diameter were mounted in a small brass disk with epoxy, polished, 
and coated with approximately 200 A of carbon. The loss of sodium from the rhyolitic glass 
during electron bombardment was monitored both at 25°C under vacuum, and under cryogenic 
conditions. A cryogenic cold-finger cooled the sample through a eppper braid to a final 
temperature of -100°C in a specimen chamber under vacuum of 5 x 10-° Torr. During cool- 
ing the rate of sodium loss was monitored every 10°C for 60 sec. Counts were automati- 
cally accumulated in 2sec intervals from samples exposed to a focused, 0.02uA, 15 kV elec- 
tron beam. The EPMA (JEOL JXA-50A) was standardized by means of basaltic glass VG-2 and 
synthetic mineral 85% diopside--15% jadeite. The standards were mounted in the brass 
disk with the unknowns so that the standardization could be checked without any need to 
warm the sample. Quantitative EPMA analyses were performed on unexposed samples of known 
composition at a temperature of -100°C, with counting times of 30 sec per element. Cor- 
rections were made on line with a Bence-Albee routine supplied by Krisel Control. 


The authors are with JEOL Electron Optics Division, II Dearborn Rd., Peabody, 
MA 01960. 
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Results 


The decay curves of Na and K x-ray intensities at room temperature are presented in 
Fig. 1. The dramatic slope of the Na curve illustrates the severity of the problem of 
alkali loss which reduces the initial count rate by 50% within the first 10 sec of ex- 
posure to the beam. The shape of the sodium curve looks nearly exponential and seems 
to reach a steady state condition after approximately 45 sec. Observed loss of potas- 
sium counts is much less and nearly linear. Note also that no incubation period is 
present for the Na curve. 
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FIG, 1.--Sodium and potassium loss from FIG. 2.--Sodium decay plots for four na- 
natural rhyolitic glass during electron tural rhyolitic glasses, plotted as natural 
microprobe analysis under normal oper- logarithm of x-ray intensity vs time. 


ating conditions. 


A. Emptriecal Correction Method, As noted above, the shape of the alkali metal decay 
curves appear to obey some functional relationship with time. The function which most 
closely fits the decline of sodium intensity was empirically determined to be a simple 
exponential. Hence, a straight-line relationship should be obtained if the natural log- 
arithm of the intensity data is plotted vs time, as illustrated in Fig. 2 for several 
cases. One can use this approximation to estimate the initial alkali concentration from 
the decay curve by performing a least-squares fit and then determining the intensity in- 
tercept on the semi-log plot and converting to concentration. 

A computer-based automation system was used to standardize for sodium, collect dosium 
counts at 2sec intervals, store the data for the decay curve, plot the log of intensity 
versus time, and perform the statistical analysis. Sodium standards that are stable un- 
der the beam, such as 85% diopside--15% jadeite, were used to calibrate the system. To 
test the routine, several materials of known composition that experienced sodium deple- 
tion were analyzed. Table 1 lists the true" sodium values together with those obtained 
by our empirical method. The values reported represent the average and standard devia- 
tion of 25 measurements. The standard deviations of sodium concentrations measured by 
the empirical decay curve method are in all cases well within experimental error of the 
accepted NajO concentration. 


B, Cryogente Correetton Method. In the empirical method described above the sodium 
concentration is measured while the sample undergoes a dynamic compositional change. 
However, to determine the absolute alkali content, the sample must be analyzed under 
stable conditions. To this end cryogenic experiments were performed to suppress the 
sodium depletion. A natural rhyolitic glass sample (KN-18) was cooled to a final tempera- 
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TABLE 1.--Empirical determination of sodium in rhyolitic glasses under normal operating 
conditions (0.02 uA beam current, 15 kV accelerating voltage). 


Accepted Na,O Measured Na,O Relative 
Sample concentratio concentration % error 
KN-18 5. 68* 5.53+0.25 2.68% 
KE-12 5. 40* 5.34+0.30 1.12% 
LP 3.22* 3.32+0.18 3.06% 
Minoan Tephra 5.11 4,.98+0.27 2.57% 


*X-ray fluorescence analysis.® 


ture of -110°C at a rate of 1°C/min, during 
which a series of 60sec decay curves were ac- 
cumulated at 10°C intervals. Results of this 
experiment are presented as a series of decay 
curves in Fig. 3. The bottom curve, collected 
at 20°C, has the highest slope and levels off 


100 


a within 40 sec. The 10°C curve shows a marked 
ae ss reduction in the diffusion rate and does not 
= 70 level off within the 60sec observation. Other 
ci me data collected at lower temperatures yielded 
zZ decay curves with decreasing slopes. At ap- 
% 50 proximately -90°C the concentration remained 
t mn eines stable, within experimental error, for the en- 
z Goce ee tire 60sec observation. Cooling to the lowest 
5 2 wiaaphee attainable temperatures of - 110°C produced 
ae ae eee + results similar to those obtained at -90°C. 
The results indicate that at a sample 
(op Heree" temperature of -90°C sodium is stable in the 
° glass for at least 60 sec and therefore quan- 
titative determination should be possible. 
TIMENSEC ONES: Quantitative microprobe analyses were per- 
FIG. 3.--The effect of sample tempera- formed on several samples to test the method. 
ture on sodium loss from a rhyolitic Calibration of the system was made at -110°C 
glass (KN-18) during electron bombard- by use of known standards. Two samples of 
ment. Cryogenic coding of sample mount known composition (KN-18 and LP) were analyzed 
to -90°C suppresses alkali diffusion in under the beam conditions stated above. The 
glass and permits direct quantitative average of 10 analyses of each sample is given 
analysis. in Table 2, along with the accepted values. 


The low standard deviations and percentage 
errors demonstrate that the precision and accuracy of these analyses are as good as 
those of glass samples which do not experience alkali depletion. 


Conelustons 


The severe loss of sodium counts during microprobe analysis of silicate glasses can 
be corrected for or avoided. First, the migration of sodium due to heating under the 
electron beam can be arrested by cooling of the sample to -90°C during analysis. How- 
ever, this cryogenic method involves longer analysis time and special preparation tech- 
niques. A more rapid routine of estimating the sodium concentration has been therefore 
developed. This empirical technique estimates initial sodium concentration by the rate 
of decay in sodium counts during continuous electron bombardment of the sample and rou- 
tinely gives accurate data. 
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TABLE 2.--Microprobe analysis of rhyolitic glasses under cryogenic conditions (-110°C). 


eave 


KN-178 LP 


Accepted Accepted 
Oxide} Composition* This work Composition* This work 


Si05 75.0(.25) ** 76.49 | 76.9(.30)** 
Al70, : : . 67 (. 06) 12.59 12.50(. 10) 
Feo* . .52(.08) 1.05 1.09(.05) 
Mg0 . .02(.01) | 0.06 | 0.05(.01) 
Cad ; .17(.01) | 0.31 0.33(.03) 
Na 0 : . .09) | 4.34 4,28(.10) 
K20 , .25(. 06) | 4,59 4.50(. 10) 
Ti0> .20(.02) 0.10 0.10(.01) 
P20, 0.01 - 

Mno 0.06 | 0.06(.01) 


Total 99.06 99.35 99.60 99.81 


*X-ray fluorescence analysis.® 


**One standard deviation, based on ten measurements. 
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APPLICATIONS OF SCANNING ELECTRON MICROSCOPY (SEM) TO THE STUDY OF PHOSPHATE ROCKS 
M. M. Soroczak and R. M. Scheib 


At TVA, phosphate rock (PR) characterization has been extended to apply SEM/energy dis- 
persive x-ray analysis (EDX) methods to resolve submicroscopic features relating to ce- 
mentation and distribution of accessory minerals. This study reflects the utility of 
SEM/EDX to extend conventional mineral characterizations to this important commercial 
mineral. They are used to elucidate physical relationships of minerals in problem ores 
as a guide to recovery and utilization of marginal-quality phosphate resources. 

These examples from TVA's extensive PR collection, grouped according to their con- 
solidated or unconsolidated texture as defined by McClellan and Gremillion,! dramatize 
the varying textural conditions of minerals in these ores. They demonstrate the differ- 
ences in the nature and bonding of the impurity phases and explain why apatite recovery 
techniques cannot be generalized but must be tailored for each ore. 

Sample preparation for the PR in this study is as follows. The rocks are fractured 
and representative pieces 5-25 mm across are mounted, by means of a mixture of epoxy and 
Silver dag, to expose fresh fracture surfaces. Also, some unconsolidated PR are water- 
washed to remove the fines and leave the grain surfaces exposed. These grains are mounted 
with double adhesive tape. Loose particles are blown away with compressed gas and the 
mounted rock pieces are coated with carbon in an evaporator. 


From Uneonsolidated Phosphate Rock 


The unconsolidated PR discussed here contain apatite mainly as aggregates of pelletal 
grains, intraclasts, and/or phosphatized fossils? loosely held in a matrix of quartz; and 
carbonates and/or clays (Fig. la). 

In central and south Florida PR, clays often fill the voids within the matrix of phos- 
phate grains. The smoothness of casts formed when grains are removed from the matrix re- 
veals the weak bonding between the clays and the grains (Fig. 1b). 

In a south Florida ore, apatite and quartz grains are loosely cemented by carbonates 
(mainly dolomite) and clays (mainly attapulgite and montomorillonite). Attapulgite is a 
fiber-shaped clay and montmorillonite can range from "nebulous film-like assemblages" to 
individual small particles.* The attapulgite fibers cling to the surface of the carbon- 
ate rhombs and interlock with the montmorillonite to form a supporting mat (Fig. 2a-b). 

The carbonate rhombs, most of which are eroded, range from 2 to 30 um in diameter. 

The rhombs were separated from the sample for EDX analysis because the chemical constit- 
uents of the clays on the surfaces interfered with tm sttu analysis. The EDX spectra of 
both intact and eroded rhombs were identical with those of a standard dolomite crushed to 
a similar size. The ratio of magnesium to calcium was lower for the rough surfaces of the 
eroded rhombs and the broken pieces of dolomite than for the smooth surfaces of each, 
Since the same piece of dolomite had been crushed to give both smooth and rough surfaces, 
the lower ratio was caused by topography. 

SEM micrographs show that the clays are the actual bonding minerals in these samples, 
which suggests that the apatite grains could be liberated from the matrix by water washing 
to facilitate flotation treatments to recover phosphate and remove the quartz. 

In a rock from Sardinata (Colombia), most of the phosphate pellets had patchy surface 
areas covered with silica gel (Fig. 3). This intimate association of silica with the apa- 
tite makes separation during beneficiation difficult. This same ore contained wavellite 
as the product of postdepositional weathering of the apatite, silica, and clays (Fig. 4). 
Recrystallized apatite could be seen in the matrix (Fig. 5a} and in cavities within the 
pellets (Fig. 5b). 


Authors Soroczak and Scheib are with the Division of Chemical Development, National 
Fertilizer Development Center, Tennessee Valley Authority, Muscle Shoals, AL 35660. 
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(b) 


FIG. 1.--Unconsolidated phosphate rock. (a) apatite (A) and quartz (Q) in clay matrix; 
(b) clay cast left by removal of large grain during fracturing. 


(a) (b) 


FIG. ee attapulgite attached to carbonates ; (b) mat of attapulgite and montmoril- 
lonite over carbonates. 


: E We - aS e *: Dag a ia ie ‘tia aes 
FIG. 3.--Patchy silica gel (Si) and clay, FIG. 4.--Apatite and silica gel-clay mix- 
(c) on surface of apatite pellet. ture weathering to form bladed crystals 


of wavellite (W). 


Bot 


(b) 


19 


FIG. 5.--(a)} equant hexagonal prisms of recrystallized apatite; (b) cluster of recrystal- 
lized apatite formed in internal cavity of apatite pellet. 
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An unconsolidated rock from Machtesh (Israel) shows recrystallized apatite as sec- 
ondary overgrowths on micro-oolites of primary sedimentary apatite (Fig. 6a). Sometimes 
the primary apatite is leached and leaves the secondary overgrowths (Fig. 6b). Riggs 
tentatively interprets a similar feature in Florida phosphate as the result of burrowing 
or encrusting protozoans. 


Examples from Consoltdated Rocks 


Consolidated PR have a compact texture (Fig. 7). In these examples, the apatite is 
cemented by silica and silicates or carbonates. The textural features of consolidated 
phosphate rocks are poorly defined in comparison with those of unconsolidated PR, but 
element maps can be used to locate minerals. Significant areas can then be investigated 
at higher magnifications. 

Since both apatite and quartz are hexagonal minerals, EDX analysis is necessary for 
mineral identification when the crystallites are small or only partially exposed. Inti- 
mate association of very small crystals (Fig. 8) makes it difficult to determine which 
mineral is acting as the cementing agent. Such associations present problems in liber- 
ating all the apatite during beneficiation. 

Successively higher magnifications for element maps clarified the relationship of 
apatite and quartz in a siliceous PR from Queensland (Australia). Element maps of both 
silicon and phosphorus confirmed relationships that were suspected because of crystal 
morphologies (Fig. 9). In this example, both the primary and secondary apatite are finer 
grained than the quartz. 

In PR from Queensland, element mapping was used to distinguish apatite from the cal- 
cite matrix and to locate minor concentrations of quartz (Fig. 10). Banded overgrowth 
encasing a phosphatized fossil is seen in this ore (Fig. lla-b). EDX analysis shows that 
the band of dense material contains 60% less phosphorus than either the pellet or the 
outer band. 
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FIG. 7,.--Consolidated phosphate rock. FIG. 8.--Crystallites of apatite and 
quartz in intimate association. 


FIG. 9,--Fine-grained apatite surrounded FIG. 10.~--Apatite in calcite matrix with 
by secondary apatite in quartz matrix. minor concentration of quartz. EDX ele- 
EDX element maps. ment maps. 


(a) (b) 


FIG. 11.--(a) banded overgrowths encasing phosphatized fossil; (b) inner band from (a) 
differs in density and composition from fossil or outer band. 
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A NEW IMPROVED STANDARD FOR ELECTRON PROBE DETERMINATION OF ORGANIC SULFUR IN FOSSIL FUELS 
L. A. Harris, R. Raymond Jr., and R. Gooley 


Electron probe microanalysis (EPM) has important advantages over conventional methods of 
analysis for organic sulfur in coal: analysis by EPM is done directly, which avoids prob- 
lems associated with calculating organic sulfur content by difference; and organic sulfur 
contents of individual macerals can be measured tm sttu in a sample. A major problem 
with this technique has been finding a suitable sulfur standard. We have recently pre- 
pared a petroleum coke and have found it to be a suitable standard. 


Background 


Matrix effects caused by major differences in composition, structure, and density be- 
tween organic and inorganic compounds make inorganic minerals (e.g., pyrite) undesirable 
as standards. Sutherland Feportes on EPM studies of organic sulfur in coal using pyrite 
(FeS») as a sulfur standard. He used a common data reduction algorithm for matrix (ZAF) 
corrections, then multiplied by an additional factor to correct for differences in ob- 
served x-ray intensities caused by extreme differences in composition between the stan- 
dard and samples. Initial standardization to derive the correction factor for the par- 
ticular instrument and conditions used was time consuming, but once achieved, Sutherland 
suggested that analytical time for analysis of organic sulfur could be less than 1 hr. 

Raymond and Gooley reported on organic sulfur contents of various maceral types in 
coals, determined by EPM using small (75-200um dia.), sulfur-bearing carbon beads as a 
standard. The beads were originally prepared at the Los Alamos Scientific Laboratory for 
use in nuclear fuel cells. They contain 4.1 wt.% sulfur, are stable under electron bom- 
bardment, and eliminate the undesirable matrix effects common to inorganic minerals. The 
beads were useful in studies involving relative organic sulfur contents of various maceral 
types, but slight chemical inhomogeneities among beads made development of a better stan- 
dard desirable. 

Organic sulfur contents of coals are typically less than 2 wt.%, and rarely above 4 
wt.%. Therefore, an ideal organic sulfur standard for EPM would be a hydrocarbon that 
contains about 4 wt.% sulfur. We examined a polysulfone resin (C5)7H»5S0,, 9.28 wt.% S) 
for its potential as a sulfur standard. Though chemically homogeneous, it is sensitive 
to electron bombardment, as are most organic compounds, and visibly degrades under the 
electron beam. Avoiding this degradation requires constant sample movement during stan- 
dardization. We therefore continued our search for a better sulfur standard. 


Petroleum Coke: A Good Standard 


Petroleum coke, derived from thermal treatment of petroleum pitch, is chemically ho- 
mogeneous and quite stable during electron bombardment. Petroleum pitch is a thick bitu- 
minous substance produced by destructive distillation of petroleum. Petroleum coke is 
produced by thermal decomposition of the pitch. Chemical analyses of the pitch before 
coking gave 92 wt.% C, 3.9 wt.% S, 2 wt.% H, and 0.009 wt.% ash. Petroleum pitch typical- 
ly contains less than 1% mineral matter. 

We converted the petroleum pitch into coke in a batch autoclave by heating it to 300°C 
for a few hours, raising the temperature to 375°C for 5 hr, and finally heating at 500°C 
for 24 hr. Loss of volatile constituents was minimized by constant refluxing during the 
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coking process. Chemical compositions of cokes produced by this process vary little 
from those of the starting pitches. This process essentially duplicates that of a 
delayed coking oven. . 

We prepared a polished section of the product coke; a photomicrograph is shown in 
Fig. 1. Note the lamellar structure of the coke (anisotropic in polarized light) and 
the large void which is partially 
filled with a "second phase." The 
"second phase" is a plastic material 
that solidified after the coke formed. 
Its composition is similar to the coke, 
but the sulfur content may be as much 
as 1.5 wt.% higher. 

To remove the "second phase" we 
crushed the coke and boiled it over- 
night in quinoline. The product was 
then washed thoroughly in alcohol and 
air dried. The above’is a standard 
method for removing unreacted phases 
from cokes and does not affect the 
sulfur in the remaining single-phase 
coke. Analyses made on a Leco sulfur 
analyzer showed the single-phase coke 
to contain 3.56 + 0.04 wt.% sulfur. 

Using the petroleum coke as its 
own standard we analyzed 100 random 


FIG. 1.--Polarized, reflected-light microphoto- areas of the sample as a homogeneity 

graph of the product coke. Note the lamellar check, ignoring the lamellar structure 
structure of the coke, the large pore, and the of the coke. Using a t-statistics ap- 
second phase material partially filling the proach, we determined that seven stan- 
pore. dardization repeats ensure a standard- 


ization value of 3.56 + 0.10 wt.% at 
the 95% confidence level. 


Discusston 


In this paper we report on petroleum coke that is stable under an electron beam and 
contains a uniform sulfur content; hence it is a suitable standard for analysis of or- 
ganic sulfur content of coal. It should be as applicable for analysis of organic sulfur 
in other fossil fuels. This standard is available for distribution and may be obtained 
from any of the authors. 
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STATISTICAL VALIDITY FOR ELECTRON PROBE MICROANALYSIS OF ORGANIC SULFUR IN COAL 
R. Raymond Jr., T. D. Davies, and R. C. Hagan 


In 1978 Raymond and Gooley! reported on a procedure for determination of organic sulfur 
content of coal by electron probe microanalysis (EPM). Because vitrinite is the dominant 
maceral type in most coals and generaily has an intermediate sulfur composition between 
exinites and inertinites, they showed that the organic sulfur content of a coal could be 
calculated from the organic sulfur content of vitrinite in that coal. Questions were 
raised concerning the number of vitrinite grains needed for analysis in order to achieve 

a good representation. The purpose of this paper is to show that analyzing relatively few 
vitrinite grains provides data representative of the organic sulfur content of the entire 
vitrinite population. 


Analysts 


We analyzed vitrinite from four seams representing a wide range of geographic 
settings, apparent rank, and total sulfur content (Table 1). We also considered opera- 
tor bias and used two investigators with no prior experience in coal petrography and two 
investigators with very little EPM experience. 


TABLE 1.--Variability of the four coals analyzed. (Samples and analyses listed below 
courtesy of The Pennsylvania State University Coal Section.) 


Sample Seam State Apparent Rank Sulfur wt.% (DAF 
PSOC 164 Tebo Missouri hvBb 9.3/7 
PSOC 193 Ohio #5 Ohio sub C 1.02 
PSOC 506 Upper Sunnyside Utah hvAb 0.69 
PSOC 1012 Lower Kittanning Pennsylvania low vol Ceol 


nr 


The organic constituents of coal, such as vitrinite, are commonly identified by 
reflected-light oil-immersion microscopy. We identified vitrinite points of analysis 
for the first half of our samples by this method. The time-consuming disadvantage of 
oil-immersion identification is that photomosaics must be prepared. For the second half 
of our analyses vitrinite grains were located in the EPM after the samples had been car- 
bon coated. In this case we used morphology and texture of the grains, rather than reflect- 
ance, to identify vitrinite. 

All samples were analyzed both with and without the aid of photomosaics. In each 
case investigators analyzed 100 vitrinite grains for organic sulfur content. We used an 
energy-dispersive spectrometer and multiple-wavelength spectrometers to insure that no 
sulfur attributable to sulfide or sulfate minerals was measured as organic sulfur. 

The results for 2000 analyses are summarized in Table 2. Using the t-statistic ap- 
proach, we calculated for each run the number of analyses n necessary to give a desired 
maximum variability p relative to the true mean u defined by 100 analyses. This was 
calculated in all cases at the 95% confidence level as seen below: 


Pr{u - pu < xX <u + pu} = 0.95 
where x is the sample mean determined by n analyses. 


The authors are with the Geosciences Division, Los Alamos Scientific Laboratory, Los 
Alamos, NM 87545. The research was Supported by the Department of Energy (Division of 
Basic Energy Sciences) under contract W-7405-ENG-36. The help of Alan Allwardt in ana-~ 
lyzing sample PSOC 1012 is acknowledged. Richard Beckman and Dennis Cook of the Systems, 


Analysis, and Assessment Division, Los Alamos Scientific Laboratory, provided valuable 
assistance in the analysis of our data. 
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TABLE 2.--Summary of vitrinite analyses by individual investigators both with and without 
photomosaics: up = the true mean defined by 100 analyses, S = the sample standard devia- 
tion, and n = the number of analyses necessary to give a desired maximum variability of 
Q.1 uw at the 95% confidence level. 


Investigator sample w/Mosaic w/o Mosaic a S n 
1 PSOC 1012 X 1.12 0.12 7 
Z PSOC 1012 X 1.13 0.13 8 
3 PSOC 1012 X 1.12 0.12 7 
4 PSOC 1012 X 1.13 0.14 9 
1 PSOC 1012 X 1.09 0.14 9 
2 PSOC 1012 X 1s k3 0.12 7 
3 PSOC 1012 X 1.13 0.12 ; 
4 PSOC 1012 X Led 0.12 i 
1 PSOC 506 X 0.86 0.07 6 
2 PSOC 506 X 0.83 0.07 6 
3 PSOC 506 X 0.87 0.06 ) 
1 PSOC 506 X 0.84 0.06 5 
2 PSOC 506 X 0. 84 0.07 6 
3 PSOC 506 X 0.85 0.06 ) 
2 PSOC 193 X L.i30 0.19 11 
3 PSOC 193 X 1.42 0.22 4 
1 PSOC 193 X 1.30 0.20 12 
3 PSOC 193 X 1.39 0.19 10 
2 PSOC 164 X 3.95 0.65 13 
3 PSOC 164 X 4.00 0.68 14 


The number of analyses n necessary to achieve a maximum variability of 0.1y (that is, 
p = 0.1) has also been listed in Table 2 for the four coals we studied. For example, 
sample PSOC 1012 requires between 7 and 9 analyses to achieve the desired mean value; 
sample PSOC 164 requires between 13 and 14 analyses. 


Discusston 


Most coals contain less than 2.00 wt.% organic sulfur. Therefore, for most coals 
we expect to achieve a maximum variability from the true mean of less than 0.20 wt.% if 
we analyze 15 vitrinite grains. The variability decreases for coals containing lower 
concentrations of organic sulfur. If a greater statistical accuracy is desired when coals 
with higher contents of organic sulfur are analyzed, it may be achieved by additional 
analyses, 

Neither operator experience nor variation in coal composition and rank appeared to 
bias the results. Organic sulfur content, which reflects the depositional environment 
of the basin in which the coal was deposited,* appears to affect the number of measure- 
ments required to produce statistically valid data. This result is due to higher sample 
standard deviations, which result from a history of more than one period of organic sul- 
fur emplacement in the coals. Fifteen vitrinite analyses per coal sample take such var- 
iations into account. 

Analyses performed without photomosaics provide data that are as statistically valid 
as those obtained with photomosaics. Without the need to produce a photomosaic, the or- 
ganic sulfur content of vitrinite from a coal may be measured in less than 10 min. The 
potential therefore exists to achieve very rapid, multiple organic sulfur analyses, which 
in turn will allow for rapid, detailed measurements of variations in organic sulfur con- 
tent occurring across coal seams. 
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QUANTITATIVE ION MICROPROBE ANALYSIS OF Mg, Fe SILICATES 
Tan Steele, Richard Hervig, and Ian Hutcheon 


The common rock-forming minerals olivine [(Mg,Fe)2Si0,] and low-Ca pyroxene [(Mg,Fe)Si03] 
show a near-binary compositional series between the Mg and Fe end members. This report 
describes our progress toward development of an accurate rere ODE analysis technique 
based on a suite of well-documented standards. We previously* reported systematics of 
secondary ion (SI) intensities for major elements in olivine and now present similar 
data for major elements in low-Ca pyroxene and for minor elements in both minerals. 

These data reveal consistent relationships between sample composition and SI intensity 
and thus permit routine analysis of unknowns by comparison to standards. Detailed ex- 
amination should provide insight into the mechanisms of SI generation and allow develop- 
ment of a general theoretical correction procedure. 


Samples and Experimental Conditions 


The olivine suite used in our previous study! was expanded to include a set of Mg- 
rich olivines from kimberlites; in addition, 16 low-Ca pyroxenes were selected whose com- 
positions span the natural range of Mg-Fe substitution. Initial electron microprobe anal- 
yses were made with a 30um-diameter beam to provide reference compositional data on areas 
suitable for ion-probe analysis. An AEI IM-20 ion microprobe was operated under the fol- 
lowing conditions: 20keV, 10na !°0- mass-analyzed primary beam focused to about 30um di- 
ameter; sample chamber at < 5 x 1078 torr with sample region cooled to liquid No tempera- 
ture; pulse counting of SI by means of an electron multiplier; computer-controlled mag- 
net switching; high (M/AM > 3000) or low (about 300) mass resolution as required. 


Results 


SI intensities for low-Ca pyroxene mimic those of olivine when the SI intensity ra- 
tio Mgt/Mg* + Fe*) (normalized to 100% isotopes) is plotted against the known Mg/(Mg + Fe) 
atomic ratio of the sample (Fig. 1). However, the K value {K = [A(1 - B)]/[(1 - A)B] where 
B = Mg*/(Mgt + Fe*) in SI yield and A = Mg/(Mg + Fe) in target} is about 0.40 for olivine 
and about 0.55 for low-Ca pyroxene. The cause of this difference is suggested in Fig. 2 
where the Mg* and Fe* SI fraction [Mgt or Fe*/(Mg* + Fe* + Si*)] is plotted vs the Mg and 
Fe target atom fraction [atomic Mg or Fe/(Mg + Fe + Si)]. The Mg* SI curve is identical 
for olivine and pyroxene, but the Fe* SI curve is distinctly different. Apparently, the 
higher Si content of pyroxene causes a greater Fe* SI yield from pyroxene relative to oli- 
vine but has no effect on the Mgt SI yield. The simple relation shown in Fig. 1 allows 
determination of major element atomic ratios by reference to one standard. Repeated de- 
terminations over a l-yr period gave identical curves for olivine indicating that K is 
independent of slight changes in instrumental conditions for our ion probe. 

SI intensity data were obtained for Ca, Ti, Cr, Al, and Mn in low-Ca pyroxene and for 
Ca, Ti, Al, Cr, and Na in olivine. Results for Al, Mn, Ca, and Na are shown in Figs. 3-6 
plotted against the respective atomic concentration based on electron-probe measurements. 
All trace elements measured in both olivine and low-Ca pyroxene exhibit a simple linear 
relationship between SI intensity and atomic concentration. Scatter of individual data 
points about a correlation line is in all cases easily attributable to a combination of 
electron-probe measurement error [which can be large for low concentrations, e.g., Na in 
olivine (Fig. 6)], ion-probe statistical error, and sample inhomogeneity. Data for ele- 
ments analyzed at high (Ca; Cr and Ti, not illustrated) and low mass resolution show 
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equally good correlations with low scatter. 


Conelustons 


Several important conclusions can be drawn from this study, although it remains to 
be seen whether they will be applicable to all SI data. First, the linear relation be- 
tween SI intensity and atomic concentration for minor elements (< 3 wt.% of the oxide) 
is not affected by the variation of major elements in the olivine or low-Ca pyroxene. 
This behavior may be a general feature of SI yields which, if true, would greatly sim- 
plify quantitative analysis since reference to a single, well-documented standard would 
be sufficient for determination of minor elements. A similar linear relationship for 
minor elements has also been found for Fe and Mg in natural plagioclases* [(Na,Ca) 
(A1,Si)>Si70g]. However, Reed et al? have observed a dependence of the Ni*/Fe* SI in- 
tensity ratio on the Mg/Fe ratio in olivine, but it is not clear whether Ni or Fe is the 
nonlinear species in their study. Finally, normalizing SI count rates to a major element 
SI count rate is inadequate for quantitative elemental analysis unless the major element 
SI intensity is linear with composition or the major element composition among samples is 
constant. 
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Analytical Techniques — Thin Films 


EFFECT OF INCIDENT BEAM CONVERGENCE ON QUANTITATIVE ELECTRON ENERGY LOSS SPECTROSCOPY 


D. C. Joy, D. M. Maher, and R. G. Farrow 


High spatial resolution microanalysis by electron energy loss spectroscopy requires a 
focused, convergent incident electron beam. This convergence modifies the distribution 
of the inelastically scattered electrons, and consequently the efficiency with which 
these electrons can be collected given a particular acceptance angle B into the spectro- 
meter. A correction to account for this effect is thus required if accurate quantita- 
tion is to be performed. 

For a perfectly collimated incident beam of electrons with an energy Eg, the inelas- 
tically scattered electrons of energy loss E have a scattering distribution I(E,8) at 
some scattering angle 8 given by 


12,8) _ 1 


(1) 
I(E,0) 62+ ef 


where 6p = E/2E.* If the incident beam has a convergence semi-angle of ag, then Eq. (1) 
takes the form 


BO 
I(E,B) _ f I(a)a do (2) 
1(E,0) 9 (B - a)* + 6% 


where I(a) represents the appropriately normalized distribution of intensity within the 
incident cone of illumination. Figure 1 shows the form of the scattering distribution 


RELATIVE INTENSITY 


COLLECTION EFFICIENCY 


B (M rads) ENERGY LOSS (eV) 
FIG. 1.--Relative scattering intensity dis- FIG. 2.--Comparison of collection efficiencies 
tributions for a = 0, 1, 3, and 10 m.rad for electrons of varying energy loss assuming 


at 6, = 1.4 m.rad. ag = 5 m.rad (dotted lines) and ag = O (solid 
jines) for 8 = 5 and 10 m.rad. 
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40 _ for the case where 6, = 1.4 m.rad--the car- 
bon K-edge (E = 284 eV) at Eg = 100 keV--and 
ago = 0, 1, 3, and 10 m.rad calculated from 
numerical integration of Eq. (2). We assume 
that I(a) is constant for a < ag, and zero 
for a > ag, but the actual form of I(a) does 
not greatly affect the shape of I(E,8). A 
comparison of the profiles with the ap = 0 
curve shows that the effect of the incident 
convergence is to broaden the angular dis- 
tribution and to shift the direction of maxi- 
mum scattering intensity away from 8 = 

The fraction Na 8 of the inelastically 
scattered electrons collected at energy loss 
E by a spectrometer accepting a semi-angle 
of Bg is then 
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FIG. 3.--Collection efficiencies at ag = 0 
(solid lines) for 8 = 5 and 10 m.rad. 


where 8 is the maximum scattering angle. 
For the case a9 = 0, 6 is taken to be v26n- 


10 ? é : . 

Here, since the extremal incident ray is at 
= an angle ag to the optic ax axis 8 must there- 
3 5 fore be taken as (ag + 265) . Equation (3) 
= can again be rapidly ie by numerical 
“9 integration, and Fig. 2 shows computed values 


of Na, plotted as a function of energy loss, 
at Eg’= 100 keV, for two cases: ag = Bg = 5 
m.rad and ag = 5, Bg = 10 m.rad. For compari- 
son the predicted collection efficiency no B? 
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Bo as a function of ag for three typical 
operating situations. 
Ine 4 BF 705) 


166. In (278) (4) 


It is seen that for a range of values of energy loss (i.e., 9p) the collection effi- 
ciency is actually higher than that predicted by the simple theory. That is more evident 
in Fig. 3, where we have plotted n as a function of ag, assuming again Op = 1.4 m.rads, 
for three values of 89. For 8g = l’m.rad (i.e., Bo < 6g), the efficiency is always less 
than that predicted for a = 0, and falls rapidly for ag > By = 3 and 7.5 m.rad (i.e., 

Bo BR) ae Ny ,B rises to a peak as Oo iS increased, before falling once a9 > Bg. The ef- 
fect of the convolution of the scattering and the convergence can thus be to "focus" more 
electrons into the spectrometer, under some conditions, than the simple theory would pre- 
dict. 

For the electron optical conditions most frequently used in a'100keV TEM/STEM system 
fitted with an energy analyzer, where ag * 0.5-3 m.rad and By) ~ 1-5 m.rad, the "error" 
introduced by the beam convergence is seen to be quite small, typically only 30% at 
worst. For some fortuitous combinations of conditions the error can be essentially zero, 
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and thus in many cases a quantitation performed with convergent illumination but on the 
assumption that ag = 0 gives acceptably accurate results. But for the purposes of ac- 
curate quantitation, under all operating conditions an effective angle of acceptance, 

Bo can be defined such that 


In(1 + 8§°/02) 
In (2/8,,) ° "OB , (4) 


where ny g is calculated from Eq. (3). This effective aperture Bo can then be used in 
the calculation of the partial ionization cross sections required for quantitation. 3 
Figure 4 plots values of 89 as a function of ag for three assumed sets of experimental 
conditions such as might be used to quantitate the beryllium K-edge (E = 110 eV, Eg = 
100 keV, 89 = 1.5 m.rad), the carbon K-edge (E= 284 eV, Eg = 100 keV, By = 3 m. rad) and 
the silicon K-edge (E = 1834 eV, Eg = 100 keV, Boy = 7. S m.rad). As expected for ap > 0, 
Bp = Bo + By, but particularly for. small 6p values, the deviation of B89 from 8g can be 
substantial. The calculation of 89 can be incorporated directly into an interactive 
energy loss quantitation program such as SPECTRE.* With a PDP-11/03 computer the compu- 
tation time is only 5-10 sec. 
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MONTE CARLO SIMULATION APPROACH TO QUANTITATIVE ELECTRON MICROPROBE ANALYSIS OF 
TERNARY ALLOY THIN FILMS 


Carl Pihl and Serge Cvikevich 


In the quantitative electron microprobe analysis of multicomponent thin films, conven- 
tional ZAF correction techniques cannot be used when the mass thickness of the film to 
be analyzed becomes so small that the film can no longer be considered semi-infinite. 

For the analysis of ternary alloy films we have used a Monte Carlo simulation ap- 
proach developed by Kyser and Murata.!’2 In our previous work we demonstrated the appli- 
cability of this Monte Carlo approach to quantitative analysis of binary Ti-W and Ta-W 
thin films.> The theoretical basis for the single-scattering Monte Carlo simulation ap- 
proach to quantitative electron microprobe analysis is well documented in the above-men- 
tioned references as well as in the proceedings of a workshop held at the National Bureau 
of Standards in October 1975.* Therefore, we will not repeat the detailed theoretical 
considerations that form both the physical basis of the Monte Carlo simulation of the 
electron scattering process and the physics of electron-solid interactions which lead to 
the generation of the x-ray fluorescence of interest. 

The Kyser-Murata Monte Carlo simulation approach to quantitative electron microprobe 
analysis requires the generation of a database for the system in question. This database 
contains sets of simulated calibration curves of k ratio vs mass thickness obtained for a 
number of compositions chosen from the ternary system to be analyzed. In this Monte Carlo 
simulation approach, the k ratio for a particular element is the ratio of intensities, for 
the selected x-ray fluorescence line, emitted from a thin film compared to a pure semi- 
infinite standard. Experimentally obtained k ratios are used as input into the previously 
generated database. An iterative technique is then used to arrive at a unique solution 
that is a composition triplet in the database for which the three experimental k ratios 
lead to the same value of mass thickness. 


Expertmental Samples 


Two sets of thin films were prepared for analysis by Monte Carlo simulation. The 
first set consisted of three compositions from the Au-Pd-Cu ternary system, and the sec- 
ond set was represented by two compositions from the Pt-W-Cr ternary. The Au-Pd-Cu films 
were prepared by vapor deposition of pure Cu, Pd, and Au films deposited in sequence on a 
Silicon substrate covered by a 1000A film of thermal oxide. The film thickness of each 
individual layer was measured by double-beam interferometry after each deposition. The 
ternary films were obtained by homogenization for 1 hr at 600°C in a double-jacketed he- 
lium furnace. Quantitative nuclear backscattering analysis was performed on these films 
before and after homogenization. Films representing each of the three compositions were 
prepared in thicknesses of approximately 300 and 2000A. The Pt-W-Cr films were prepared 
by sputtering from an alloy target. Again, films of two thicknesses (approximately 300 
and 1500 A) were prepared for each of the two compositions. These films were also quan- 
titatively analyzed by nuclear backscattering. 


Data Analysts 


This work is an extension of previous studies which have been limited to binary systems. ? 

Several stages of iteration and interpolation are used in the data analysis procedure. 
Initially the objective is to generate by simulation a number of sets of theoretical 

calibration curves of k ratio vs mass thickness pt. Each curve in the set corresponds to 
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an appropriate element concentration in the chosen composition. For each element stan- 
dard, the simulation procedure generates x-ray intensity and absorption corrections, 
which are combined with corresponding values, for each element, obtained from a thin- 
film simulation for a range of pt values. The k ratio calibration curves are obtained 
from these calculations. The simulation assumes that all elements in the thin film are 
known, and thus the sum of weight fractions is equal to 1. Following a prior strategy, 
initial stages of simulation use only 100 electron trajectories for each composition. ? 
Figure 1 shows a set of curves generated for the ternary composition containing 0.3 cop- 
per, 0.3 paladium and 0.4 gold (weight fraction). A range of composition sets may be 
chosen so as to survey the entire ternary system and are stored as a data base for con- 
tinued use. The analysis of a given thin-film system requires experimentally measured 

k ratios for input. Table 1 shows the analysis procedure in terms of sample input data 
for the ternary Cu-Pd-Au. A set of measured k ratios is used to scan each composition 
set in the previously stored data base. This results in a set of calculated pt values 
for each composition set. These values are computed by interpolation (or extrapolation) 
of the simulated data based on the input k ratios. A mean pt and standard deviation of 
the mean (least square fit) are computed for each set. The unique solution of film 
thickness and composition to satisfy the measured k ratios occurs when all pt values are 
equal. In practice, the initial estimate of the composition is taken for the set having 
the lowest standard deviation. In this example the initial estimate is 0.3, 0.3 and 0.4 
weight fractions for Cu-Pd-Au (Fig. 1). Refinements are also shown in Table 1, where in- 
termediate compositions are simulated and compared to the input k ratios. Final refine- 
ments of composition are done with simulations using a larger number (1000 or more) of 
electron trajectories. Figure 2 shows an example of a refinement using 1000 electron 
trajectories. 


TABLE 1.--Example of data base scan for one set of measured k ratios. (*Refined composi- 
tions not in original data base; **refinement based on 1000 electron trajectories.) 


Calculated ot i ee Composition (Weight Fraction) 


0.099 0.100 
0.096 0.300 
0.198 0.334% 
0.242 0.400 
0.242 0.355* 
0.266 0.355** 
0.314 0.362* 
0.654 0.300 
6.358 0.300 
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Summary 


The above procedure gives a rapid and economical initial estimate of the composition 
of films containing multiple elements. The data base remains available for future work 
and is valuable where little is known about a given sample. Any refinement is made using 
a limited range of compositions centered around the initial estimate combined with a larg- 
er number of electron trajectories. 

At present the k ratio simulation is done using an IBM System/370 model 168 computer. 
Computing costs are directly related to the number of electron trajectories used. The 
traditional high cost of Monte Carlo simulation is significantly reduced by the ability 
to make survey scans of a data base prepared by the use of a moderate number of electron 
trajectories. 
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A STUDY OF TYPE-II MAGNETIC CONTRAST BY MONTE CARLO SIMULATION 
Takashi Ikuta, Eizi Sugata, and Ryuichi Shimizu 


Type II magnetic contrast was first observed by Philibert and Tixier.! At present it is 
well confirmed by both experiment and theory that this contrast results from the altera- 
tion of electron trajectories in magnetic domains of opposite magnetization. As shown 
in Fig. 1, the alteration of the trajectory due to the action of the Lorentz force re- 
sults in the change of the backscattering yield corresponding to the individual domain 
in the sample. A typical observation of the magnetic domains in Fe-3%Si single crystal 
samples is shown in Fig. 2. 


Beam . Incident 


Electron /Ee: Sreray” 
* angle 


Sample 
Surface 


F=-2(¢x3) 
FIG. 1.--Schematic illustration of trajec- FIG. 2.--Example of observed zig-zag mag- 
tories of incident electrons around 180° netic domains in Fe-3%Si single crystal 
magnetic domain wall. . Ms is saturation sample in different magnifications at zero 
magnetization in the domain. bias field. Incident angle a and incident 


energy Eg of the electron beam are 60° and 
45 keV, respectively. 


The quantitative analysis of this type magnetic contrast has been successfully 
achieved by several workers using Monte Carlo simulation for both the magnitude of the 
contrast and its dependence on the incident energy of the electron beam.*’? However, it 
seems that a more detailed analysis, especially with the resolution of this contrast, has 
not been well established.so far. . 

The present paper describes the result of the Monte Carlo simulation for both the 
magnitude and the resolution of Type II magnetic contrast. In addition to this result 
an analysis of the magnetic domain wall image that is observed under the condition of 
the disappearance for the normal domain contrast is also described. 


Monte Carlo Stmulatton 


In the present simulation, the single-scattering approach and continuous slowing down 
approximation (Bethe's energy-loss formula) are used. The procedure of this simulation 
is almost the same as those described in the previous paper except for an additional pro- 


Authors Ikuta and Sugata are with the Department of Applied Electronic Engineering, 
Osaka Electro-Communication University, Neyagawa, Osaka, Japan; Shimizu is with the De- 
partment of Applied Physics, Osaka University, Suita, Osaka 572, Japan. 
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gram for the contribution of the Lorentz force.* The contribution of the Lorentz force, 
F = -(e/c)(v <x B), where v is the velocity of the electron and B is the magnetic flux 
density, can be easily taken into consideration as exchanging the original free straight 
flight of the electron by the arc in the computer program. The width of the magnetic do- 
main boundary (domain wall) is neglected since the width is usually less than 1000 &. 
The magnetic flux density B is given 4mMs (where Ms is the saturation magnetization of 
the sample) for flux closure domains which are usually formed in the magnetic materials 
of cubic anisotropy. 

The simulation has been applied for an Fe sample (4mMs = 21 600 G, cubic anisotropy) 
when the incident beam angle (which is defined as the angle between the beam and the 
sample normal) is a = 60°. 


Results and Discusstons 


To obtain the resolution of the magnetic domain contrast, the position of the inci- 
dent beam was altered around the domain boundary (180° domain wall) in the simulation. 
In Fig. 3{a) and (b), the results of the simulation are shown at the incident beam energy 
of 45 and 30 keV, respectively. From these figures, an asymmetrical relation between the 
contrast and the beam position is found: the point of neutrality in contrast is not the 
position of the 180° domain wall. It is also concluded that the resolution of Type II 
magnetic domain contrast is decreased with the increase of the incident beam energy, 
whereas the profile of each resolution curve is almost the same expect for the scales in 
both the magnitude of the contrast and the beam position. 
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FIG. 3.--Magnetic domain contrast as function of beam position: (a) beam energy of 45 keV; 
(b) 30 keV. 180° domain wall is assumed. 


As to the backscattered electron image, it is well known that the resolution is 
fairly improved by detection of low-loss electrons or forward-scattering electrons as 
a signal. According to the similarity of the signal detection, improvement of the reso- 
lution is also expected for the Type II magnetic contrast. For this expectation, magnet - 
ic contrast due to the backscattered electrons has been also simulated under the condi- 
tion of selected angle detection. These results are shown in Fig. 4 at a beam energy of 
30 keV. These figures clearly show that the resolution of the Type II magnetic contrast 
is improved by detection of the forward-scattering electrons, as well as for the back- 
scattered electron image. 

On the basis of the theoretical treatment, it is clear that the disappearance of the 
magnetic-domain contrast takes place when the magnetization in the domain becomes paral- 
lel to the plane of incidence. In this case, however, another magnetic contrast of black 
or white line shape can be observed just on the 180° domain walls.° The origin of this 
magnetic domain wall contrast is considered to be the deflection of the drifted electrons 
on either side of the 180° domain wall. When the incident point of the electron beam is 
positioned on the 180° domain wall, we can expect that increasing or decreasing of the 
backscattering yield will depend on the direction of opposite magnetization in each do- 
main on either side of the 180° domain wall. The analysis of this domain wall contrast 
is also achieved by use of the present simulation. In Fig. 5(a), the results for both 
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FIG. 4,--Magnetic domain contrast as function of beam position at beam energy of 30 keV: 
(a) full angle detection; (b)-(d): selected angle detection for backscattered electrons. 


the magnitude and the resolution of the wall contrast are shown. In addition to these 
results, wall contrast under the selected angle detection of the backscattered electron 

is also shown in Fig. 5(b)-(d). Not only the normal magnetic contrast, but the resolu- 
tion of the domain wall contrast is improved by detection of forward scattering electrons. 
It is however concluded that the magnitude of the domain wall contrast due to the back- 
ward-scattering electrons is comparable to that due to the forward-scattering electrons, 
which is not true for the normal magnetic domain contrast. 
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FIG. 5.--Magnetic domain wall contrast as function of beam position at beam energy of 30 
keV: (a) full angle detection; (b)-(d) selected angle detection for backscattered elec- 
tron. 
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AN INDIRECT METHOD FOR DETERMINING MASS THICKNESS FOR ABSORPTION CORRECTIONS IN THE 
MICROANALYSIS OF THIN FOILS 


P, J. Statham and M. D. Ball 


If intensities I, and Ig are observed for the characteristic x rays of elements A and B, 
then for many thin specimens the concentrations of these elements can be determined by 
the simple intensity ratio technique described by Cliff and Lorimer? : 


a eee (1) 


where the '"k-factor"' kag is a constant for the particular x-ray lines from elements A 

and B. However, for certain specimens, preferential absorption within the thin-film ma- 
trix alters intensity ratios so an absorption correction is necessary. At the accelerat- 
voltages used for transmission microscopy, there is very little loss of energy for elec- 
trons passing through the foil and it is usually a good approximation to assume that the 
ionization distribution is uniform throughout the thickness of the specimen. If the top 


and bottom surfaces are parallel then the observed intensity for an x-ray peak is given 
by 


1 - exp(-u et cosec jy) 


t = a 
vie Ty yet cosec w (2) 


where ua Cem? g-t) is the mass absorption coefficient of the specimen for x rays from ele- 
ment A, o(g-cm7*) is the specimen density, t(cm) the thickness, and y is the take-off 
angle for x rays. The correction of I,' to obtain I, for use in Eq. (1) assumes a knowl- 
edge of p, t, and w, as well as specimen composition. Although ~ can be measured and 
successive estimates of composition improved by iteration, there are distinct problems 

in determining the mass thickness pt. The density of the specimen can be estimated from 
the known density of a similar specimen but direct measurement of specimen thickness poses 
some problems* and, if nothing else, is a tedious procedure. Thus, it is desirable to 
have an indirect method which enables ot to be determined from x-ray intensity values. 

One of the advantages of working with intensity ratios is insensitivity to beam-current 
variations; if this advantage is to be retained one cannot use methods that rely on ab- 
solute measurements of either characteristic line* or x-ray continuum intensity.? Two 
intensity-ratio methods have been briefly described by Morris et al. The first uses the 
observed ratio of K to L intensity for a given element to deduce the absorption path 
length and is suitable provided both peaks are visible in the spectrum (usually for atomic 
numbers > 27). The second is more general but requires spectra to be acquired at differ- 
ent tilt angles. This "multigeometry'! approach will now be described in detail. 


The Multtgeometry Method 


When a specimen is tilted, the generated intensity I, varies in proportion to sec 0, 
where © is the angle of tilt; and the absorption correction alters because of the change 
in x-ray take-off-angle » (Eq. 2). If beam current is controllable then the product uapt 
can be determined by observation of I,' at different geometries; for example, a first- 
order expansion of Eq. (2) suggests that uapt can be calculated from a plot of (I,'/sec 0) v 
cosec p. As mentioned above, it is more convenient if beam-current control is not required; 
and if ua and ug are known then it should be possible to deduce pt from the variation in the 
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ratio I,'/Ip' for various geometries. A more general approach considers the effect of 
absorption on all the elemental peaks simultaneously; if the correct choice is made for 
a value of pt, then the normalized set of concentrations obtained from Eqs. (1) and (2) 
should be the same at all tilt angles. 

The multigeometry technique can now be formalized as follows. First, consider the 
sum 


NSP 


S 
Os SF A2yn 2 
xn aod (Coa Ci fo. (3) 


where C,; is corrected concentration for element mn, c. is the average corrected concen- 
tration for NSP spectra obtained at various geometries, and o, is the standard deviation 
expected from spectrum counting statistics. A good choice for pt would give an absorp- 
tion correction that tends to minimize Xe: When all NEL elements are considered, the 
problem reduces to finding that value of pt which, when used in an absorption correction, 


minimizes the sum 


NEL 
X2 = f& XA (4) 
m=1 


From an initial estimate of pt, several methods could be used to search for the minimum 
X*; in this work, a simple stepwise search was used, where the step size was halved at 
each reversal of the search direction. 

X2 should approximately follow a "chi-square" distribution with ng = NSP.NEL - NSP - 
NEL degrees of freedom. Thus X2/nd should take values distributed about 1.0. The change 
in pt which causes X*/ng to increase by 1 from its minimum value can be interpreted as 
the likely statistical error in pt.° If absorption is severe, the X* surface is steep- 
walled with a well-defined minimum and yields a small relative error in pt. If absorp- 
tion is slight, spectra obtained at different geometries differ by very little, so that 
pt is imprecise; however, it is the absorption correction that is of prime concern and 
inaccuracies in pt are irrelevant if absorption is negligible. 

When one is acquiring spectra, the aim is to choose geometries which give the widest 
variation in absorption path length. When only two elements are present at least three 
spectra have to be recorded to obtain a statistical estimate of pt. Acquisition of more 
spectra helps in averaging out any inaccuracies in measurements of specimen geometry, and 
Statistical accuracy is always improved if more counts are recorded; a reasonable pro- 
cedure is to record three spectra with equal counting times at geometries that give ap- 
proximately equal steps in absorption path length. 


Experimental Results 


Results were obtained with a JEOL TEMSCAN 120C, modified to reduce the "hole count" 
to an insignificant level. Spectra were recorded with a LINK SYSTEMS 860 analyzer in- 
corporating a LINK 2010 pulse processor and KEVEX detector. At each specimen point, three 
spectra were acquired, each containing between 50K and 200K counts in the 0-20keV energy 
region. Since the tilt direction was not in the same plane as the x-ray detector, we cal- 
culated wy (Eq. 1), taking into account detector azimuth (a, measured at 47.97°), eleva- 
tion (E, zero for this instrument), and tilt angle 0, from the formula 


1 
sin @ cos a cos E + cos 0 sin E 


(5) 


cosec p = 


Absorption coefficients tabulated by Heinrich® were used and kag values were derived 
from empirical results obtained by Morris’ and Cliff and Lorimer!; note that the 'k fac- 
tors'' referred to in Tables 1 and 2 apply to the sum of Ka and Kg peak areas. 

The specimens were prepared from alloys of aluminum and certain heavier metals and 
contained several large intermetallic constituents. Those selected for microanalysis 
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were about 10 um or larger and extended through the thickness of the foil. All samples 
were jet-electropolished at room temperature in a mixture of 70% perchloric acid, 20% 
ethanol, and 10% glycerol. (Although the Fe-Al was freshly prepared, the Zr and Ti sanm- 
ples were stored for more than a month before they were analyzed.) In such materials, 
the absorption of A1K radiation is significant in all but the thinnest of regions, which 
is reflected in the difference between the results obtained with a simple "k-factor" cor- 


rection and the results obtained with a correction including absorption effects (Tables 
1 and 2). 


TABLE 1.--Results for thin Fe/Al specimen with ka,g; = 1.29, Kpegj = 1.18. Composition 


of FeAl3 is 59.2 wt.% Al, 40.8 wt.% Fe. Tilts of 20°, 30°, and 40° were used for each 
point. 


Apparent Composition 
(30° tilt) 
No absorp. correction | 


Calculated 
mass thickness 
at zero tilt 
(x10 7g -cm 7) 


Absorption 

corrected 

composition 
% 


Point 1 


Point 2 


390 + 70 


Point 3 


TABLE 2.--Results for thin Zr/Al specimen with kyjo4 = 1.29, kzysgj = 3.114 (Zrk lines 
used). Composition of ZrAl3 is 47.01 wt.% Al, 52.99 wt.% Zr. For point 1, tilts of 
25°, 35°, and 45° were used; for point 2, 35°, 40°, and 50°. 


Apparent Composition 
(35° tilt) 
No absorp. correction 


(?) 


Absorption 
corrected 
composition 


‘Oo 


Calculated 
mass thickness 
at zero tilt 
(x10 7g-cm 7) 


Point 1 Al 37.00 Al 


46.48 


Zr 63.00 Zr 53.52 


Point 2 Al 38.42 Al 47.97 2800 + 700 


Zr 61.58 Zr 52.03 


The standard mounting in the TEMSCAN 120C traps the specimen between two blocks of 
carbon which tend to cause obstruction; the electron beam may be prevented from reaching 
the specimen at high tilt angles and the emitted x-rays may be prevented from reaching 
the detector at low tilt angles. The Fe-Al results in Table 1 were therefore obtained 
from a specimen fixed to the top surface of a single drilled carbon support block. How- 
ever, it is inconvenient to have to stick the specimen on the block; in this position 
the geometry may not be well defined. The Zr-Al results in Table 2 were obtained with 
the specimen firmly clamped in the standard holder; in this case, a range of tilts from 
25° to 45° could be used if specimen points were chosen well away from the edge of the 
sample. 

For the Fe-Al results, tilts from 20° to 40° gave a variation in cosec wp from 4.37 
to 2.32. As shown in Table 1, the corrected composition in the first two cases is close 
to that calculated from the formula FeAl3, which is the expected composition for these 
intermetallics. Even in the third case, on a thicker region of the specimen, the pre- 
dicted composition is considerably closer to the expected result than is that calculated 
without an absorption correction. In Table 2, the Zr-Al results display a similar degree 
of success despite a large absorption correction for AlK x rays. However, experiments on 
a Ti-Al alloy specimen were not nearly so successful: the multigeometry method repeatedly 
predicted aluminium concentrations which were much higher than the 62.7% expected from 
the formulae TiAl3 and even when, in one case, the thickness was measured at 0.35 um by 
parallax of contamination spots, a conventional absorption correction predicted 68.1% Al 
(with kasi = 1.629), kTi Al = 1.03). The observation of a substantial increase in the Al/Ti 
intensity ratio in very thin regions of this specimen does suggest some chemical inhomo- 
geneity but at the time of writing, we have not fully resolved these discrepancies. 


ConeLuston 


The results indicate that for normal specimen thicknesses ( < 107*g-cm™*) a good ab- 
sorption correction is achieved by the "multigeometry" method and even in very thick re- 
gions, results still approach the true composition. The major source of error lies in 
accurate determination of sample geometry. Even if the specimen stage permits the sample 
to be mounted and tilted to a known degree, the sample itself may be buckled so that the 
holder position does not reflect the true surface tilt. Furthermore, the specimen may be 
wedge-shaped in section and consequently the variation in absorption path length with 
tilt differs from that calculated for plane-parallel surfaces. However, these problems 
are identical to those faced when specimen thickness is determined by measurement of par- 
alax between contamination spots; and the present method has the advantage that sample 
density p need not be known. 
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APPLICATION OF ANALYTICAL ELECTRON MICROSCOPY TO THE STUDY OF INTERGRANULAR CORROSION IN 
304 STAINLESS STEEL 


C. S. Pande and R. L. Sabatini 


The technique of analytical electron microscopy in a scanning transmission electron mi- 
croscope fitted with an energy-dispersive X-ray spectrometer is used to measure the chro- 
mium depletion in sensitized 304 stainless steel along the grain boundaries. It is shown 
that such measurements could be misleading unless care is taken to choose the regions on 
the grain boundaries properly for such analysis. 

Intergranular corrosion in sensitized stainless steel is supposed to be caused by the 
precipitation of chromium iron carbide [(Fe,Cr)>3Cg] at the grain boundaries, with a con- 
comitant depletion of chromium in and around the grain boundaries, to the levels below 
that required for protection against corrosion.!’* With the advent of the analytical 
electron mEcEOS Cone the first direct evidence in HPP Ore of this theory was obtained by 
Pande et al. and independently by Rao and Lifshin. These authors measured the chro- 
mium concentration across the grain boundary, and showed that the chromium concentration 
dropped drastically adjacent to grain boundaries in sensitized specimens. The results 
reported in this paper refer to measurements made along and adjacent to grain boundaries 
instead of across them. 


Experimental Set-up 


The experiments were performed on a JEOL 100C electron microscope with scanning and 
energy-dispersive attachments. When the scanning electron beam was made stationary it 
acted as an electron probe and the x rays generated were detected by an NSI Si(Li) de- 
tector mounted on the electron microscope column. In order to improve the spatial reso- 
lution and yet obtain sufficient counts, it was necessary to optimize various parameters, 
such as the accelerating voltage of the electrons (120 kV), the detector area (30 mm’), 
the beam size (about 30A), a constant counting time (30 sec), and specimen tilt of 40°. 
For further details see Refs. 3 and S. 

The following three improvements on the previous procedure? were introduced. (1) The 
beam size was reduced to the smallest possible in our instrument for a 250um condenser 
aperture. The reason for this step was the following. It has been noted previously? that 
the depleted zone along the grain boundaries is only of the order of 1000 R Therefore, 
it is critical that the spatial resolution of the measurement be as good as possible. 

The spatial resolution could be of course improved by a reduction in specimen thickness, 
However, it was found that in specimens less than 1000 A thick, the Fe/Cr concentration 
ratio is a function of specimen thickness even when no such variation exists in the bulk.° 
The only other alternative for improving the spatial resolution is to reduce the beam 
size. In our experiments the beam size was about 30 A; according to Romig and Goldstein 
that would give us a spatial resolution of 220-380 A for foils of thickness 1000-1500 &. 
(2) The spurious copper peak was virtually eliminated in the 304 stainless steel spectra 
by use of a modified graphite-holder and an aperture over the specimen stage. This modi- 
fication is important because it is known that the spurious copper signal enhances the 
chromium and iron peaks of the stainless steel spectra by fluorescence.’ (3) Specimen 
drift was minimized by the use of the modified graphite holder in which the specimen is 
clamped by screws, instead of being held together only by friction. 
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Results 


Figure 1 shows the grain boundary in a 304 stainless steel specimen used for analy- 
sis. The specimen has been 'sensitized' by being heated at 600°C for 24 hr. The mea- 
sured concentrations of chromium, iron, and nickel for the various points indicated in 


FIG, 1.--Scanning transmission electron micrograph FIG. 2.--Transmission electron micro- 
showing precipitates along grain boundary in sensi- graph of the same area as in Fig. 1 
tized type 304 stainless steel specimen. Letters with grain boundary tilted 45° along 
indicate various points of analysis along grain an axis parallel to grain boundary 
boundary (Table 1). direction. Contamination marks in- 
dicate regions that were analyzed. 


Fig. 1 are given in Table 1. The concentrations have been measured both for points on 
and adjacent to the grain boundary (about 300 A from the grain boundary). A point on or 
adjacent to the grain boundary may or may not show a depletion in chromium. The reason 
for this result becomes clear when the grain boundary is tilted 45° along an axis paral- 
lel to the grain boundary direction (Fig. 2). It can be seen that some of the measured re- 
gions may have in part overlapped the precipitates on the boundary, especially where the 
number of such precipitates per unit grain boundary area is relatively high. In such 
cases, although the depletion of Cr near these precipitates may even be higher, the ac- 
tual measurements may not reveal such a depletion, Table 2 shows results of the concen- 
tration measurements along the grain boundary in another 'sensitized' specimen at the 
points shown in Fig. 3. The Cr value never falls below 15%, as compared with the 14% 
measured in the previous grain boundary, although the number of precipitates is higher. 
In some cases the Cr values measured along the grain boundary are higher than those in 
the matrix,.- which shows that the analyzed region contains a precipitate. 

A careful selection of the areas of analysis is therefore necessary before such re- 
sults may be used to interpret a chromium depletion as a function of the angle of misori- 
entation, or the heat treatment in this material. | : 
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FIG. 3.--TEM micrograph of another sensitized Type 304 stainless-steel specimen along 
which 8 points were analyzed before tilting (Table 2). Depending on region selected for 
analysis, one might actually be exciting x rays from a small precipitate somewhere in 
plane of grain boundary. 
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TABLE 1.--Results of microanalysis along grain boundary in Fig. l. 


A 2144 + .020 .726 + .010 

B 2172 + 2019 .708 + .011 2095 + .057 
C 160 + 019 -716 + .010 0099 + .054 
D -142 + .020 .736 + .010 .097 + .056 
E o160 + .019 720 + .010 094 + 057 


~700 + 


~186 + 


TABLE 2.--Results of microanalysis along grain boundary in Fig. 3. 


Points along the 


grain boundary Ni 


198 + .014 -684 + 008 


2 -180 + .015 -/04 + .008 091 + .019 
3 153 + .021 719 + 010 103 + .023 
4 2175 + .017 -/02 + .009 -097 + .020 
5 21744 .018 .705 + .009 096 + 021 
6 0273 + .012 -628 + 008 2074 + 020 
7 ~149 + .025 736 + .012 -089 + .028 
8 2174 4 .025 0/02 + .013 
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CALCULATIONS OF ELECTRON BEAM SPREADING IN COMPOSITE THIN FOIL TARGETS 
D. E. Newbury and R. L. Myklebust 


From the beginning of the recent surge of interest in the technique of analytical elec- 
tron microscopy (AEM), the determination of the spatial resolution of analysis has been 
one of several key problems under investigation.!~* Goldstein et al. have provided a 
simple model to describe the interaction volume produced by elastic scattering of the 
beam electrons in the foil.! This model has the advantage that a straightforward mathe- 
matical expression can be written that describes the broadening as a function of foil and 
beam parameters. Other authors have devised Monte Carlo electron trajectory simulations 
to estimate the beam broadening.°’* Conveniently, these more elaborate simulations have 
confirmed that the simple model provides a good estimate of beam broadening, at least for 
thin foils where multiple scattering is minimized. The Monte Carlo methods have provided 
the capability for exploring the multiple scattering regime, as well as for studying in- 
teresting sample geometries, e.g., tilted foils, structure within foils, etc. 

Recently, an experiment was reported by Hall and Vander Sande in which the measured 
beam broadening was apparently much less, by an order of magnitude or more, than that pre- 
dicted by the simple model, and by extension, the Monte Carlo simulation as well.° Hall 
and Vander Sande studied the x-ray signal response measured as a 2.5nm beam was scanned 
across an iron-enriched grain boundary in MgO, where the iron-rich region had a width of 
less than 10 nm. These authors claimed that their results revealed such serious discrep- 
ancies as to suggest "a need to carefully examine the assumptions underlying the Monte 
Carlo calculations for 100 kV electrons."° We shall demonstrate in this paper that (1) 
the apparent discrepancy observed by Hall and Vander Sande results from an incorrect ap- 
plication of the simple model; (2) the existing Monte Carlo methods are, adequate to de- 
scribe their experiment; and (3) inadequate consideration of beam spreading can lead to 
severe errors in concentrations calculated by conventional AEM methods. 


Extenston of Simple Model to Consider Structure 


The simple model for beam spreading approximates the interaction volume as a cone 
of constant x-ray generation with an altitude equal to one-half the foil thickness t 
and with a base diameter given by 


b = 625(p/A)9*9(Z/E) ti = (em) (1) 


where 9 is the density (g/cm?), A is the atomic weight (g), Z is the atomic number, E is 
the incident beam energy (keV), and the foil thickness t is in cm. In their experiment, 
Hall and Vander Sande compared the full width, half maximum in their measured profiles 
with the value of b given by Eq. (1). 

The experimental situation is illustrated schematically in Fig. 1 for a foil 338 nm 
thick (b = 53 nm). If we assume an iron-enriched slab thickness of 10 nm, it is apparent 
that the slab represents only a small fraction of the interaction cone. The value of the 
broadening given by Eq. (1) should not be compared directly with the width of the signal 
profile generated at the boundary, since most of the electrons in the cone are not, inter- 
acting in the slab. To compare the simple model with the experiment more realistically, 
‘we must calculate the signal response when a cone is moved through a slab. Fortunately, 
for the case of a slab formed by parallel planes intersecting a cone, we can derive a 
function for the area of the hyperbola created by the intersection of each boundary plane 
with the cone: 


Nuyp = (tb/4)(1 - B2)°-5 - (tb/4) F2 in{{1 + (1 - F2)9-5]/P} (2) 


The authors are with the Microanalysis Group, Center for Analytical Chemistry, 
National Bureau of Standards, Washington, DC 20234. 
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FIG. 1.--Schematic illustration of simple model for beam spreading in thin foil. Approx- 
imate relationship of slab intersecting cone in thick foil. 
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FIG. 2.--X-ray intensity profile across slab 
calculated with simple model extended 
through Eq. (2). 
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FIG, 3.--X-ray intensity profiles calicul- 
ated by Monte Carlo electron trajectory 
Simulation for 2.5nm beam scanned across 
10nm-thick slab of iron in magnesium foil. 


where t is the foil thickness, b is the broadening given by Eq. (1), and F = r/(b/2), 

the fraction of the radius of the cone intersected by the plane. ® Equation (2) can be 
integrated numerically between any two values of F to find the volume of the slab within 
the cone, and this volume can be used to calculate the predicted signal response func- 
tion when the beam crosses the slab (Fig. 2). The signal response curves have been nor- 
malized to the maximum value of the signal observed when the beam is in the center of the 
boundary. The response curve is found to be sharply peaked, with a FWHM of 12 nm for a 
196nm foil and 280nm for a 338nm foil. These values are about 50% of the full value of 
the broadening. The response curves are still substantially wider than those observed 
experimentally by Hall and Vander Sande. ° 

From Monte Carlo calculations, it is clear that the electron trajectory density is 
not a constant in the interaction volume in thin foils.°?' To predict the signal response 
across the boundary accurately, we must take this trajectory distribution into account 
by employing a detailed single-scattering Monte Carlo calculation, appropriately modified 
to consider the presence of a slab. For the present calculations, the extreme case of a 
slab of pure iron in a magnesium film was taken. Inclusion of the oxygen component would 
reduce the scattering and further sharpen the profiles. The signal response curves thus 
calculated (Fig. 3) are substantially narrower than those calculated with the simple cone 
model, with a FWHM of 10 nm for the 338nm foil and 9 nm for the 196nm foil. The data of 
Hall and Vander Sande, replotted in the normalized form in Fig. 3, agree quite well with 
the Monte Carlo calculations. Note also that the Monte Carlo calculations show that the 
profiles do not differ very much with increasing thickness, as observed in the experi- 
ment. It therefore appears that the Monte Carlo simulation with its present theoretical 
basis is quite capable of describing the Hall and Vander Sande experiment. 

Close examination. of Fig. 1 suggests that it is appropriate to reconsider the Hall 
and Vander Sande experiment with regard to their assignment of a concentration axis to 
the results by the use of the Cliff-Lorimer sensitivity factor method. This method can 
only provide an accurate result if the structure being measured is (1) completely con- 
tained within the interaction volume and (2} is homogeneous. For the case illustrated in 
Fig. 1, that is clearly not the case. With Eq. (2), we can roughly estimate the size of 
the error that beam spreading can introduce. If the 10nm slab were actually pure iron, 
beam spreading would cause the apparent concentration to be reduced to 70% for the 196nm 
foil and to 35% for the 338nm foil. That a sharp drop in the maximum apparent concentra- 
tion as a function of foil thickness is seen in the results of Hall and Vander Sande con- 
firms the seriousness of ignoring this effect. Ignoring the effect of beam broadening 
can lead to significant errors in the analysis of fine structures such as boundaries and 
small inclusions. This is a case where careful application of the Monte Carlo technique 
will be necessary to deconvolute the complex interaction of the distribution of the sig- 
nal being measured with the true distribution of the analyte of interest in the sample. 
The simple model for beam spreading can provide an estimate of the sample dimension below 
which the concentration derived from the sensitivity factor method becomes suspect. 
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Inclusions in hot-deformed steel revealed dense polygonized dislocation arrays, low- 
angle boundaries, deformation twins, and 500A precipitates on dislocations. Weak beam 
images confirmed that lattice strain was relieved by the formation of the precipitates, 
which suggests that they formed during cooling of a dislocation rich supersaturated solid 
solution. 

Since such a wide variety of potent hardening mechanisms appear to be operating in 
these inclusions, studies of inclusion deformation cannot be complete without considera- 
tion of these mechanisms. 
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New Analytical Techniques 


ION MICROPROBE, ION MICROSCOPE, AND LASER MICROPROBE MASS ANALYSIS OF PARTICULATES 
David S. Simons 


The mass spectrometer offers several important advantages for elemental analysis of 
solids. Among these are high sensitivity owing to pulse-counting ion detection and the 
absence of a continuum background, detectability of all elements including those of low 
atomic number that are not observable by x-ray spectroscopies, and the capability of de- 
tecting and measuring the abundance of each isotope of a given element. 

Mass spectrometry is especially attractive for the analysis of individual particu- 
lates where the quantity of material available for analysis is severely limited. Ideally, 
the source of ions for this application should be confined to the individual particle in 
order to minimize spectral interferences from the mounting medium. Two ionization pro- 
cesses lend themselves readily to localized analysis--sputtering by an ion beam and va- 
porization by a laser beam. Instruments have been constructed that make use of each of 
these processes. 

The instruments based on ion sputtering are divided into two categories. The ton 
microprobe uses a sputtering ion beam with a minimum diameter of approximately 2 um to 
achieve a localized analysis. The ton mtcroscope, on the other hand, generally uses a 
considerably larger sputtering ion beam diameter of 100-300 um. The sputtered ions are 
mass-filtered through a mass spectrometer that preserves their spatial relationship, and 
localization of the area from which ions are accepted can be limited to a diameter of ap- 
proximately 2 um with the use of an appropriate aperture at an image plane. 

The laser mtcroprobe uses a pulsed laser beam that can be focused to approximately 
0.5 um to vaporize a small volume of material. At sufficient energy density a portion 
of the evaporated material will be ionized. Since the ionization event is localized in 
time, a time-of-flight mass spectrometer is the logical choice for measuring the mass 
spectrum with high efficiency. 

These three types of instruments have been investigated for their capability to an- 
alyze individual particulates.! The ion microprobe used in this study was the Applied 
Research Laboratories Ion Microprobe Mass Analyzer (IMMA) ,* the ion microscope was the 
CAMECA Instruments IMS-3F Ion Microanalyzer,? and the laser microprobe was the Leybold- 
Heraeus LAMMA 500 Laser Microprobe Mass Analyzer.* Samples used for the evaluation were 
microchips and microspheres of research glasses manufactured at NBS.° For the ion-beam 
instruments, the samples were dispersed on lcm-diameter high-purity gold disks. For the 
laser microprobe they were dispersed on formvar-coated 3mm-diameter TEM grids. The size 
range of the glass particles was 1-15 um. 

An example of comparative data from the three instruments is shown in Table 1. In 
this case the samples were spheres of a glass containing 80% PbO and 20% Si0> by weight. 
The Pb and Si ion signals were measured from several particles of different sizes to de- 
termine the relative sensitivity of the two elements and its variability from particle 
to particle. The table indicates that the relative sensitivity differs by less than a 
factor of 2 among the three instruments in this case. The relative standard deviation 
(RSD) of the sensitivity ratio is highest for the laser microprobe. This result reflects 
a lack of reproducibility of ionization conditions among particles of different size as 
well as insufficient data density of two or three data points per mass peak when a wide 
mass range is recorded. 
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TABLE 1.--Lead - silicon sensitivity ratios from K227 microspheres. 
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TABLE 2.--Isotopic ratios of lead from K227 microspheres. 
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Table 2 indicates the capability of the three instruments to measure isotopic ratios 
of Pb in these same microspheres. The higher precision of the ion microprobe measure- 
ments is attributable to an electrostatic peak-switching system that allows isotope ra- 
tio measurements to be taken without changing the magnetic-field setting of the mass spec- 
trometer. The relatively low precision of the laser microprobe is a result of the 8-bit 
resolution of the transient recorder that is used to measure and store the mass spectrum 
in 256 discrete levels. This characteristic also restricts the dynamic range of signals 
that can be measured in one spectrum and sets a practical limit of about 10:1 on the mag- 
nitude of an isotopic ratio that can be measured with the laser microprobe. The ion mi- 
croscope produces well-defined trapezoidal peaks that vary in intensity by less than 0.2% 
over the flat portion of the peak top. One would therefore expect the precision between 
particles to be less than 1%, but that is not the case. A computer-controlled cyclic 
mass scan is used to generate the isotope ratios. Improvements in interparticle preci- 
sion may occur through the use of a different software routine that minimizes the effect 
of magnetic hysteresis. 

The true isotopic ratios of the Pb in these particles has not been measured, but the 
best estimate for naturally occurring Pb is shown in Table 2.6 Any bias in the measure- 
ment of the ratios in the particles could be corrected by comparison with a standard of 
known Pb isotopic composition. A future project will be the production of lead silicate 
microspheres using isotopically characterized Pb as a starting material. 

Table 3 summarizes some of the special features of each of the three instruments as 
applied to particulate analysis. It is apparent that no single instrument is the best 
choice for all situations. The ion microprobe can measure isotope ratios with high pre- 
cision. The ion microscope has a variety of features that give it great versatility to 
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handle different analytical problems, for example the ability to screen a field of par- 
ticles for a particular element by use of the ion-imaging mode of operation. Finally, 

the laser microprobe can acquire full mass spectra from many particles at a very rapid 

rate, and is the easiest instrument to use for the analysis of very small particles. 


TABLE 3.--Special features of three instruments for particle analysis. 


Instrument | Special Features 
ton microprobe High precision isotopic ratios 
Ion microscope | Rapid ion imaging of a particle field 


Faraday cup or electron multiplier detector 
High abundance sensitivity spectrometer 
Molecular ion rejection by energy offset 
High mass resolution 


Laser microprobe | High resolution optical microscope 
Rapid analysis (30-60 particles/hr. ) 
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THREE-DIMENSTONAL SIMS ANALYSIS BY IMAGE DEPTH PROFILING 
A. J. Patkin, B. K. Furman, and G. H. Morrison 


The feasibility of three-dimensional analysis of solids is demonstrated. Secondary Ion 
Mass Spectrometry (SIMS) is combined with a real-time digital image acquisition system 
and computer processing to allow display of concentration distribution in the x, y, and 
z directions. 

Three-dimensional information may be obtained by SIMS in two ways. In the first, a 
series of areas in a grid-like pattern on a sample can be monitored for secondary-ion in- 
tensity with an ion microprobe. Repetition of this procedure several times while the 
primary ion beam sputters away the sample surface yields a depth profile. The resulting 
spatial information may then be displayed with depth of analysis in an appropriate manner. 
This method suffers from being time consuming. A single image of only 64 x 64 picture 
element (pixel) resolution requires 4096 separate positionings of a mechanical or elec- 
tronic aperture. These repositionings must be done with precise x-y reproducibility to 
produce a depth profile, and may be subject to uncorrected variations in primary-ion beam 
intensity and detector sensitivity between areas during the course of this multi-area pro- 
file. The second method of obtaining three-dimensional information from SIMS, and the one 
described here, is by use of an ion microscope. The detection area no longer needs to be 
moved over the sample surface to generate an image, since the entire image is present si- 
multaneously, which increases the speed of analysis and eliminates the pixel-to-pixel 
variations in instrumental parameters associated with the use of an ion microprobe. 

The ion microscope is a unique surface analytical tool combining ion sputtering, mass 
aoe and ion optics to provide a spatially resolved mass analysis of the surface of 
a solid. The resultant ion image of up to 250um diameter field-of-view with a lum point- 
to-point resolution contains over 50 000 elements of information. The intensity of each 
element is proportional to the number of secondary ions of a specific mass sputtered from 
a particular point on the sample's surface. 

The system described here permits direct viewing of ion images on a television monitor 
as well as on-line digitization for storage or real-time computer processing. By corre- 
lation of these images with depth profiling, three-dimensional information can be readily 
obtained. 


Experimental 


Previously, multi-element depth profiles were acquired by integration of elemental 
signals of a preselected, mechanically apertured area of the sample, as with an ion micro- 
probe. The current work uses electronic aperturing of the secondary-ion image, so that 
multi-area, multi-element depth profile analysis is made possible. 

The present system consists of a CAMECA IMS-300 Ion Microscope interfaced to a PDP- 
11/20 computer. Image acquisition is performed by a QUANTEX QX-26 ISIT low light-level 
TV camera, which produces a 6-bit/pixel image of 256 x 256 pixel area. The video image 
may then either be displayed directly on a high-resolution TV monitor, or digitized in 
real time by a GRINNELL GMR-27 digital image processor* at a rate of 30 frames/sec. The 
GRINNELL is also capable of real-time image integration and averaging. 

Electronic aperturing of the image is done by superposition of computer-generated rec- 
tangles on the displayed images, which are positioned under potentiometer control, to de- 
fine rectangular subimages. These subimages may range in area from one pixel (v l um) to 
the entire image. Several subimages may be defined in this manner. The image is then pro- 
filed through the sample. The areas within the rectangles are simultaneously averaged, re- 
corded, and displayed in a graphical format similar to that commonly used for display of 
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multi-element SIMS profiles. 

Image display may be either 8 bits (256 levels) of black and white, or 12 bits (4096 
levels) of color. Since the human eye can only distinguish among a few dozen gray levels 
at any one time, whereas it can distinguish among several thousand different hues and in- 
tensities of color,? pseudo-color display can convey much more information to the human 
eye than black and white. 

Ion images recorded at several depths in the sample are converted to two-dimensional 
elemental concentration maps by means of ion implant standards. + The conversion procedure 
produces a series of concentration images at several depths for a net three- eee 
concentration characterization of the sample. 

Previously it has been impossible to record simultaneous depth profiles of noncontig- 
uous areas or to characterize three-dimensionally the elemental distribution of a sample 
by SIMS or any other technique. Image depth profiling achieves both. 
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SOME EXPERIMENTAL PROBLEMS IN THE RAMAN ANALYSIS OF MICROSAMPLES 
J, J. Blaha and E. S. Etz 


The Raman microprobe, developed at the National Bureau of Standards (NBS), has been shown 
to be an effective tool for the analysis of microsamples. Through the interpretation of 
the Raman spectra obtained from these samples, the molecular components and the matrix of 
those components in the sample can be identified. Many applications to the study of mic- 
rosamples have been made with both the NBS instrument and the commercially available MOLE 
(Molecular: Optics Laser Examiner) .1 | 

Several experimental difficulties in the spectroscopic analysis of microscopic sam- 
ples have been encountered; their resolution is of importance for successful analysis. 

Two of these difficulties (heating of a sample by the laser beam and the chemical reac- 
tion of some atmospheric particles exposed to ambient conditions) are discussed below. 

Heating of samples by the laser beam can cause noticeable changes in the Raman spec- 
trum and can lead to phase transitions, compositional modifications, or even destruction 
of the particle, The simplest approaches to preventing heating in particles are to de- 
crease the laser power on the sample and/or change the excitation wavelength from the la- 
ser. To demonstrate this point, Fig. 1 shows the first Raman spectra from microparticles 
(single 0.8 x 30um fibers) of croconate blue (see figure for molecular description). The 
top spectrum was obtained with the 514.5nm (green) line of an argon/krypton ion laser. 

At the irradiance level used (1.6 kW/cm*, 5 mW output power), the spectrum shows an in- 
creasing luminescent background in the region from 400 to 2000 cm™!, indicative of heat- 
ing in the sample. The particle was destroyed during the course of the measurement. As 
croconate blue has its absorption maximum at 590 nm, we used the 647,1nm (red) line, where 
much less absorption was expected. Under the same irradiance conditions, this Raman spec~ 
trum (middle) shows a weaker Raman spectrum and a somewhat increased background, probably 
indicative of particle heating in much the same manner as observed for the particle ex- 
posed to the green line. Thus, analysis with the 647.1nm line is impossible at this ir- 
radiance. The bottom spectrum in the series is of a third particle exposed to green radi- 
ation but the power level of the laser has been reduced to 1 mW. A good Raman spectrum 
can be obtained under these conditions and a slightly increased background, perhaps indic- 
ative of a lowe degree of heating, is observed. However, when the laser output power is 
very low, power fluctuations are observed, which are manifested in the spectrum background. 
An optical filter can be used to keep the power on the particle low to prevent heating and 
Maintain a high, well-regulated laser output to prevent modulations. The measurements are 
preliminary and indicate the care that must be used in choosing measurement conditions. 
Studies are being conducted to measure the effects of varying power levels with other wave- 
lengths in the analysis of particles. 

Chemical reactions of microsamples also complicate. the-analysis. Some materials require 
Special handling to yield a Raman spectrum. An example is presented for nitrosyl sulfuric 
acid (NOHSO,). This material is suspected of being a component of the stratosphere. How- 
ever, it is extremely difficult to handle owing to the rapidity of decomposition to NO» and 
H5SO, when exposed to ambient air. Figure 2 presents the Raman spectra of samples of ni-: 
trosyl sulfuric acid from a 10% solution of NOHSO, in sulfuric acid encased in a sealed 
capillary tube and from a crustal of NOHSO, coated with a film of paraffin wax. These were 
laboratory samples studied to determine how to handle and analyze NOHSO, when collected 
from stratospheric aerosols. 

The Raman spectrum of solid NOHSO, (top spectrum) is characterized primarily by the 
very strong feature at 2273 cm7! associated with the N-O stretching motion and by the 
features at 420, 578, 1035, and 1173 cm! that are associated with the HSO,” motions of 
the molecule and by the lattice features in the region below 250 cm-!, The Raman spec- 
lie of NOHSO, in the solution of HjS0O, is characterized by the N-O stretch near 2273 
cm™". The other features are overshadowed by the strong sulfuric acid bands , which are 
indicated by an S in the lower spectrum. A number of other bands are observed in the 
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top spectrum. These bands arise from the paraffin wax used to protect the sample. The 
paraffin bands are indicated by lines below the spectrum. When NOHSO, reacts with water 
the strong feature at 2273 cm7! disappears and only the bands associated with sulfuric 
acid remain. Studies on samples collected in the statosphere are being conducted. 

Coating samples with such materials as a thin:layer of paraffin wax prohibits the in- 
teraction of ambient air with the particle and thus preserves its integrity. Other mat- 
erials are being investgated as possible coating agents. These materials must be trans- 
parent to allow spectroscopic analysis and yet not interact with the particles. 
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CHARACTERIZATION OF THIN FILMS THROUGH FINE FEATURES OF SOFT X-RAY EMISSION SPECTRA 
M. J. Romand, R. Bador, A. A. Roche, and M. Charbonnier 


In the past few years powerful new physical techniques have become available for solid- 
surface characterization. However most are too sophisticated to be in common use. More- 
over, only a few can provide clear information on chemical combinations, with the line 
shapes serving as fingerprints of surface molecular environments. The prime purpose of 
the present work is to demonstrate that low-energy eleetron-induced X-ray spectrometry 
(LEETXS)1-3 can be a simple and useful method for obtaining such information in a large 
number of surface analytical situations. The results presented here deal with LEEIXS 
study of various thin films grown on metal or alloy substrates. 


Experimental Set-up 


The instrument used is a wavelength-dispersive x-ray spectrometer equipped with a 
cold-cathode device as excitation source. This open tube runs in the primary vacuum of 
the spectrometer. Soft x-ray spectra are registered with a flow-proportional counter 
mounted with a polypropylene window approximately 0.5 um thick and filled with a 
10%CH,-90%Ar mixture at apressure of 760 torr. The beam accelerating voltage varies 
from 0.5 to 5 keV and the current, from 0.5 to 2 mA, Voltage and current are stabilized 
by an automatic pressure regulator and are digitally controlled during the measurements. 
Other features of the experimental set-up (such as flat analyzing crystals) are standard. 

The low penetration depth of impinging electrons into samples and consequently the 
low x-ray excitation depth makes of LEEIXS a surface analysis method. 


Results 


Figure 1 shows the Tilo 3 emission band from an oxide anodically grown on a titanium 
substrate. This spectrum is obtained with 2.5keV electrons so that x rays come from a 
depth of about 800 A. A clinochlore crystal (2d = 28.393 A) is used for dispersing the 
relevant long-wavelength radiations. This spectrum can be compared to corresponding bands 
of Ti, TiO, and Ti0,. The spectra of the different titanium suboxides present interme- 
diary chemical shifts and A/B peak ratios.* The corresponding changes in fine structure 
can therefore be employed for characterizing the anodic film. Indeed comparison between 
(b) and (d) spectra provides strong support for attributing a TiO. form to the outer part 
of the passivation oxide. This interpretation corroborates a similar one drawn from fine 
features of the O K emission band. ? . 

Figure 2 shows the VL3 emission bands from a Ti-6 Al-4 V alloy and an oxide anodically 
grown on this substrate. These spectra are obtained with 2.5keV electrons; the relevant 
radiation is dispersed with a RbAP crystal (2d = 26.118 A). These emission bands can be 
competes to those of pure vanadium and V20s5. In contrast to V205, the V0, and V203 spec- 
tra? exhibit a A/B peak ratio respectively equal to about unity and largely less than 
unity. As can be seen from a comparison of the A/B peak ratios from (b) and (d) spectra, 
the VL3 emission band from the anodic film looks very much like that obtained from V20s5. 

In addition, owing to the sensitivity of LEEIXS, molecular information can be deduced 
from spectra of certain impurities incorporated into thin layers. For example the K® - 
K8' spectrum of phosphorus obtained with a germanium crystal is reproduced in Fig. 3; in 
this case the sample is a 600A Al,03 anodic film containing 0.4 ug.cm™* of phosphorus. 
This impurity is incorporated from the electrolyte in the form of phosphate anions as it 
is demonstrated by the presence of the K8' emission band. 

Investigations are continuing in our laboratory but it is quite apparent from these 
preliminary results that soft x-ray band spectroscopy by means of LEEIXS can be an ex- 


Authors Romand, Roche, and Charbonnier are with the Department of Applied Chemistry, 
CNRS--ERA 500, Univ. Claude Bernard--Lyon I, 69622 Villeurbanne, France; Bador is with 
the Biophysics Laboratory of the Pharmaceutical Sciences Unit at the same university. 
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tremely valuable technique for probing the electronic structure of materials and more 
especially for developing practical studies in surface characterization. 


25 24.5 24 A 


FIG. 1.--TiLy,3 emission band from FIG. 2.--VL3 emission FIG. 3.--K8 - K8' emission 
(a) metal, (b) TiO., (c) TiO, and band from (a) metal, spectra of phosphorus impuri- 
(d) titanium anodic oxide. (b) V205, (c) Ti-6Al- ty in Al 03 anodic oxide. 

AV alloy, and (d) Ti- 

6A1-4V alloy anodic 

oxide. 
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ALPHA PARTICLE INDUCED X-RAY ANALYSIS OF ALUMINUM OXIDE FILM THICKNESS 
J. L. Bomback and R. G. Musket 


Alpha particle induced x-ray emission measurements were used to determine oxide film 
thicknesses on anodized high-purity aluminum. Two methods, one based on a thin-film ox- 
ide standard and the other on a bulk oxide standard, gave nearly identical results. These 
x-ray analyses, combined with direct thickness measurements by transmission electron mi- 
croscopy (TEM), gave a measure of the anodized film densities. 

Aluminum and its alloys are being used increasingly in automotive applications to re- 
duce vehicle weight and achieve improved fuel economy. Analysis of the composition and 
thickness of thin oxide films on these materials is important to the development of pro- 
cesses to fabricate them into engineering components. For example, the ability to weld 
or braze aluminum alloys to themselves or to other materials critically depends on the 
composition, structure, and thickness of the oxide films present on the surfaces to be 
joined. 

Alpha particle induced x-ray analysis has been demonstrated to be a useful nonde- 
structive technique for the quantitative determination of oxide film thicknesses on sev- 
eral materials in the film thickness range of several atomic layers up to several micro- 
meters.! The K-shell x-ray production cross section for oxygen by 5.8MeV alpha particles 
is one of the highest of all the elements. The mass absorption coefficient of O Ka x rays 
in alumina* allows roughly 50% x-ray transmission through 5000 A of alumina. Consequently, 
alpha particle induced x-ray emission measurements can provide a rapid determination of 
oxide film thickness in the regime encountered on commercial materials. 


hapertmentatl 


A series of aluminum oxide films were grown by anodization on 7/8in.-diameter circu- 
lar disks punched from a 0.04m.-thick high-purity (99.99%) aluminum sheet. ‘The disks 
first were polished mechanically and then electrolytically and then stored in a dessica- 
tor for 10 days prior to anodization. The proceduré of Brock and Wood? was followed to 
obtain predicted aluminum oxide thickness t of 12 A/V of anodization potential. Films 
with nominal thicknesses of 50, 100, 200, 400, and 800 R were prepared and assigned sample 
numbers 1 through 5, respectively. 


TABLE 1.--Oxide film thicknesses measured by transmission electron miscropy. (Nominal 
thickness assumed 12 &/V.) 


Anodization — 
voltage 


4:17 


Thickness (A) 
Nominal 


Sample 
number 


16 


Boe ia ie 
CO WO bP 
no uw 


*Assumed 12A per volt. 
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Foster City, CA 94404. The authors wish to acknowledge the aid of S. Badgley, who care- 
fully prepared the anodized thin films, and of H. K. Plummer, who performed the microtomy 
and electron microscopy to determine their actual thicknesses. 
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Segments were cut with a shear from the 7/8in. disks for TEM thickness measurements. 
Thin sections of the films and substrates were prepared by diamond knife ultramicrotomy 
of these segments. The sections were examined in a Siemens 102 TEM whose magnification 
was calibrated with the 15.064 6H SiC lattice plane image. 

The alpha particle-induced x-ray measurements were made with a Kevex ALPHA-X system, 
which uses a radioactive curium-244 source (5.8MeV alpha particles) and a windowless 
Si(Li) detector to monitor the resultant x-ray spectra. The x-ray take-off: angle was 90° 
Two oxygen standards were used: a thick, high-purity sapphire (Alj03) single crystal and 
a thermally grown silicon oxide film of known thickness on a silicon substrate. Although 
the x-ray spectrometer monitors all elements simultaneously, only the oxygen Ka data were 
used in the analyses. 


Results and. Dtscusston 


Several thin sections were cut from each of the five samples and examined in the TEM. 
The oxide films were free of porosity and were fairly uniform in thickness from point to 
point on a given. sample, except for sample 2 which was quite variable in the region of 
the microtomed sections. A micrograph of a film cross section of sample 5 is shown in 
Fig. 1. The thickness measurements are plotted in Fig. 2. There is a nearly linear re- 
lationship between thickness t and the anodic potential V: 


t(A) = 73 + 14.9V (1) 


y 


t (ANGSTROMS) 


0 20 40. + #260 80 
ANODIZATION POTENTIAL (V) 


FIG. FIG, 2,--Oxide film thickness t, mea- 
diamond knife microtomy, sample 5S. sured by TEM as a function of anodiza- 
tion potential. 


The conversion factor of 14.9 A/V is slightly higher than that given by Brock and 
Wood,? and the substrates apparently started with a 73K film which was "transparent" to 
the anodization process. 

The x-ray spectra from the thinnest and thickest films (samples 1 and 5, respectively) 
are shown in Fig. 3. Also shown are spectra from the two standard materials: the ther- 
mally grown silicon oxide film of known mass thickness and the bulk sapphire (Alj03) sin- 
gle crystal. The integrated intensities from the films and standards are listed in Table 
2. 

Two methods were used to determine the oxide film mass thickness. In the first, the 
oxygen mass thicknesses Lg were calculated by# 


Lo(g oxygen/cm?) = - (p/u)In[1 - 2.35 x 10-°(u/p)keiim standard! ) 
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TABLE 2.--X-ray intensity measurements. 


integral 
| Gross [Background 
icorrected 


Number of 
analyses 


Average background corrected 
O Ka integral/600 sec 


l 1 137 
2 1 839 
3 2 831 
4 5: (585 
5 10 516 
Sapphire 91 315 
Silicon 


oxide film | 


where u/o = 8144 is the mass absorption coefficient of O Ka in silicon oxide? expressed 
in terms of (cm?/g oxygen) and kfilm standard iS the ratio of background corrected 0 Ka 
intensity from the anodized film to that from the thermally grown silicon oxide standard. 
The latter was known to have 2.37 ug oxygen/ cm .° If it is assumed that the anodized 
films are homogeneous stoichiometric Al j03, their mass thicknesses are given by 


A1,03 


pt(g* oxide/cm?) = Lo/Cg (3) 


where Ges = 0.47 is the weight fraction of oxygen in alumina. The k-ratios based on 
the silicon oxide film standard and the corresponding mass thickness are given in Table 


om 


TABLE 3.--The k-ratios and mass thickness. 


Silicon oxide film standard Sapphire bulk standard 


In the alternate method, based on the pure Alj0O3 bulk standard, it was assumed that 
the distribution in depth of 0 Ka x-ray production is constant beneath the surface through 
depths from which these x rays can escape and that ,a}pha particle scattering back through 
the surface is negligible. The k-ratio cibsam ’ Tea ) is then given by 


ot 
Af exp[-(u/p) 2] doz 
k = —O (4) 
A S exp[-(u/p)pz] doz 
= 1 - exp[-(n/p)et] (5) 


where u/o = 3833 cm*/g is the mass absorption coefficient of O Ka in Alz03* and A is a 
constant that incorporates factors such as the detector efficiency, detection solid an- 
gle, and fluorescence yield. These factors are the same for the standard and unknown and 
therefore cancel. The mass thickness of the oxide is then given by 
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ept(g oxide/cm*) = 


- fe/w)in(l - kak standard 


(6) 


Mass thicknesses for the oxide films were calculated and are also listed in Table 3. 
Figure 4 is a plot of the film mass thicknesses (ug/cm*) for the two sets of calcu- 


lations versus the film thicknesses measured by TEM, 


The TEM value of 197A for sample 2 


was calculated from Eq. (2) since a reliable film-thickness measurement was not made. 


The solid line is a linear least-squares fit to the data. 
This value is lower than the range (3.5-3.9 g/cm?) of handbook values 


0 = 3.05 g/cm?. 


The slope gives a film density 


for Alo03 but within the range for aluminum oxide films prepared by anodization.® That 
the line in Fig. 4 does not pass exactly through the origin may be due to the higher 
density (by a factor of two) of the anodized films compared with that of the thin oxide films 


on the substrate prior to anodization; 


also be significant. 


30 


np 
to) 


P= 3.05 gm/cm® 


pt(jeg/em?) 


400 600 800 1000 


t (ANGSTROMS ) 


FIG. 4.--Oxide film mass thicknesses 
ot determined by ALPHA-X as a func- 
tion of TEM linear thickness measure- 
ments: (GQ) based on silicon oxide 
thin film standard, (ec) based on 
sapphire standard. 


however, unknown errors in the TEM measurements may 


ConeLlustons 


Alpha particle induced x-ray emission studies 
have been shown to provide excelient agreement bet- 
ween the mass thickness results obtained with a thin 
film silicon oxide standard and those obtained with 
a bulk sapphire standard. Combining the results 
with TEM thicknesses measurements on microtomed 
film cross sections yielded a density of 3.05 g/cm? 
for the oxide films grown by the particular anodiza- 
tion process. Evidence for a less dense film prior 
to anodization was consistent with the initial film 
being transparent to the anodization. 
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Atmospheric Pollutants 
RAPID QUANTITATIVE ANALYSIS OF INDIVIDUAL MICROPARTICLES USING THE a- FACTOR APPROACH 


J. T. Armstrong 


A rapid semi-empirical correction method enabling the quantitative analysis of individual 
microparticles is described. Initial results indicate that this new correction method 
yields corrected analyses of accuracy comparable with those obtained by use of full ZAF 
particle corrections. 

Theoretical equations have been developed that correct for atomic number, absorption, 
and fluorescence effects in unpolished particles of given size and shape.} These Arm- 
strong-Buseck corrections enable the accurate quantitative electron microprobe analysis 
of individual microparticles .*°9 

The use of the Armstrong-Buseck particle analysis method is limited by the extensive 
computational time needed for the numerical integrations used in the correction procedure. 
Corrections employed for a typical particle analysis, by means of the original BASIC lan- 
guage correction program of Armstrong ,* require approximately 10 sec of CPU time on a 
moderate speed computer (Univac 1110) and well over 10 min of real time on a typical mini- 
computer. 

In an attempt to enable a faster means of implementing the Armstrong-Buseck correction 
method, I have explored the development of particle "a-factors" similar to those employed 
by Ziebold and Ogilvie for thick polished binary alloys,* and by Bence and Albee for thick 
polished silicate and oxide specimens.°’© Initial results indicate that particle a-matrices 
can be successfully used in a simple and accurate correction procedure. 


Development of the Analyttcal Expresston 
The a-factor approach is based upon two assumptions. 


1. In binary systems, AB, there is a simple hyperbolic relation between relative con- 
centration, Cap, and relative intensity, Kap, such that 


A 
1 - RAB oh 1 - CAB (1) 
oO. AB oA 
AB AB 
or 
AA A A.A 
Cap/Kap = Sap t C1 - GplCnp (2) 


where ce the a-factor, is a constant for the AB binary. iw is the ratio of the back- 
ground-subtracted, deadtime-corrected, x-ray line intensity for the specimen in the 
binary to that for the pure A element or oxide end member; Chp is expressed as an element 
weight fraction for an alloy system and as an oxide weight fraction for an oxide system.) 

2. The relation between relative intensity and relative concentration in a multicom- 
ponent system ABC...n can be determined by a linear combination of a-factors determined 
for the different binary systems, so that 


The author is associated with the Division of Geological and Planetary Sciences, 
California Institute of Technology, Pasadena, CA 91125. He acknowledges helpful dis- 
cussion with Arden Albee and Peter Buseck. Portions of the described research were sup- 
ported by NSF Grants DES 74-17380 and PFR 76-17130A01. Division Contribution No. 3429 
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FeO; accelérating potential is 15 keV; take- 
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FIG, 2.--Plot of C/K vs C for Mg in thick 
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particles of various mass diameters 
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FIG, 5.--Plot of C/K vs C for various 
elements in tetragonal prism particles 
of mass diameter 1 mg/cm* for binary 


oxide systems containing MgO. 
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FIG, 3.--Plot of Mg a-factors vs mass diam- 
eter (mg/cm?) for rectangular prism (1), 
tetragonal prism (2), triangular prism (3), 
and square pyramid (4) particles. Binary 
system is MgO:FeO. 
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FIG. 4.--Plot of C/K vs C for Mg in tetra- 

gonal prism particles of mass diameter 


1 mg/em2 for various binary oxide systems. 
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(3) 


For a particle system, ee and Rae correspond to the ratio of the net inten- 
sity of the x-ray line of element A in a particle of a given size and shape in the binary 
or multicomponent system to the net intensity for a particle of the same size and shape 
having the end member composition. If the a-factor approach is applicable to particu- 
late specimens, aapP © must be a constant or particles of a given size and shape in a 
binary system. However, the value of a Agee © in a given binary may be different for dif- 
ferent particle sizes and shapes. 


Stmulattons 


Simulations were performed to determine whether the two assumptions of the a-factor 
approach are applicable to systems involving individual, unpolished microparticles. From 
the correction equations of Armstrong and Buseck, relative intensities were calculated 
for given particle compositions, sizes, and shapes in the quinary oxide system MgO0-Al1503- 
Si0.-CaO-FeO. The compositions chosen were the pure end members and the 20:1, 3:1, 2:1, 
l:1, 1:2, 1:3, and 1:20 oxide proportions for each binary pair. The simulations were per- 
formed for an accelerating potential of 15 keV and a spectrometer take-off angle of 40° 

Mass diameters used in the simulations were 0.1, 0.2, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 

6, and 8 mg/cm*. (1 mg/cm’ is equivalent to a diameter of 10 um for a density of 1 g/ 
cm’.) The geometric models used in the simulations, in addition to the thick polished 
specimen, were the rectangular prism, the tetragonal prism, the triangular prism, and 
the square pyramid. (See Armstrong and Buseck! for the description of these models.) 
The particle thickness was set equal to the diameter for the first two models, and to 
half the diameter for the second two models. The whole particle was assumed to be bom- 
barded with electrons from the primary beam. 

Intensities relative to a thick polished specimen of the same composition were cal- 
culated for each particle model, at each diameter, for each of the binary compositions. 
The results were processed to yield particle intensities relative to the pure oxide par- 
ticle of the same size and shape and to the pure oxide thick polished specimen (per in- 
cident electron striking the sample). Relative intensities for thick polished specimens 
were calculated both by the algorithms of Armstrong and Buseck and by a modified version 
of the ZAF-based FRAME correction program of Yakowitz et al. 

The a-factors were determined by a least squares fit to a straight line of Canis 
VS CAp for each of the compositions simulated for a given binary system, particle diameter, 
and particle geometry (Eq. 2). The a-factor was set equal to the average of the y-inter- 
cept and 1 minus the slope of the least-squares fit. The correlation coefficient was used 
as a test of the constancy of the a-factor for the binary system. 


pte 


Results of Stmulattons 


Figure 1 shows the relation between relative x-ray intensity and relative concentra- 
tion for a typical particle binary Syecem Ms in the binary MgO-FeO for tetragonal prism 
particles of mass diameter 1.0 mg/cm, As can be seen in the figure, there is indeed a 
simple hyperbolic relationship between C and K, and thus a linear relation between C/K 
and C, The least-squares fit of C/K vs C yields a slope of -0.635 and a y-intercept of 
1.632 for an a-factor of 1.633. The correlation coefficient for the least squares fit is 
0.99993, 

The linearity between C/K and C shown in Fig. 1 is typical for Mg in the MgO-FeO sys- 
tem, as can be seen in Fig. 2, which presents data for thick polished specimens and for 
tetragonal prism particles of all of the diameters used in the simulations for this binary. 
For diameters of 1.0 mg/cm* or greater, the correlation coefficients of the least- -squares 
fits are 0.9996 or better. The fits for diameters from 0.1 to 0.5 mg/cm? are not quite as 
good, with correlation coefficients ranging from 0.947 to 0.989; however, they are still 
quite adequate. 


135 


It was typical in all the simulations that the poorest fits occurred for the smallest 
particle diameters where the absorption correction was minimal and electron transmission 
was the major factor affecting x-ray intensity. Even in these cases, the calculated value 
of C/K for a given C from the least-squares fit did not differ from the simulated value 
by more than 5% relative. 

The dependence of the calculated ane ab Feo on particle size and shape can be seen in 
Fig. 3. As is obvious in the figure, there is a large variation of the a-factor with the 
various sizes and shapes. The a-factor depends more on particle size than on particle 
shape for small particles, and more on shape than size for large particles. 

The linear relation between C/K and C for particles of a given size and shape holds 
for all the binary pairs tested in these simulations. The fits for 1 mg/cm? diameter 
tetragonal prism particles in all binary systems with MgO as a member are shown in Figs. 

4 and 5. The a-factors for particles of this shape and size in the quinary system are 
given in Table 1 and compared with the a-factors for thick polished specimens. Since 
there is less absorption in small particles than there is in thick polished specimens, 
the a-factors for the light, heavily absorbed elements are considerably less for the par- 
ticles than they are for the thick polished specimens. 

The fits for all particle binary pairs in the quinary system are comparable with those 
for thick polished specimens. In most cases the correlation coefficients for the particle 
fits are greater than 0.99. Thus, the first assumption of the a-factor approach--the lin- 
ear relation between C/K and C in a binary--appears valid for particle systems. 

The ultimate test of the validity of the a-factor approach is, of course, its ability 
to relate relative intensity to relative concentration in multicomponent systems. In par- 
ticle analysis, it is desirable to employ thick polished specimens, pastes peer individual 
particles, as standards. It is therefore useful to define a modified B 


ie 
'A,ptc _ A "A,ptc 
BaBC...n * Capc...n/Sapc.. on (4) 
where Kaper © is the intensity, per incident electron striking the sample, of the x-ray 


line of element A in a particle of given size and shape in a multicomponent system rela- 
tive to the intensity of a thtck poltshed spectmen having the end member composition. 
Thus , 


'A.pte- .. -A pre ; 
Kapc...n ~ Sapc...n” ¥a (5) 


where ky, is the ratio of the intensity of the end member particle to that of the end mem- 
ber thick polished specimen, per incident electron (the ky factor defined in Armstrong and 
Buseck!). Combination of (3) and (5) yields 


A A,ptc B A,ptc — A,ptc 
A,pte _ “apc... n@Ad * “apc...n?aB* i CABC, _.n7An 
B 5 FS nn eeeeeoeag:— oOXm— (6) 
ABGs 3-237 k cc " cB fuente ) 
A ‘“ABC...n “ABC...n ABC...n 


From the simulation procedures of Armstrong and Buseck,! a matrix of k, values for 
each end member composition, at each particle size and shape, can be calculated. Table 
2 lists the appropriate ky, values for the a-factor matrix given in Table l. 

To test the validity of the a-factor approach in a multicomponent system, the follow- 
ing simulations were performed. Kanee P “©, values were calculated for particles of various 
sizes and shapes having the composition of MgFeSi0, (olivine). Using these K-factors as 
a first estimate of Capo. yn, and taking the ape as values from Tables,1 and 2, one 
may solve Eq. (6) for a first estimate of BaeePt A second estimate of Capc yn ie 
then calculated from the relation 


' 
cA — A,ptc 


x A»ptc 
ABC...n 


ABC...n  “ABC...n (7) 


196 


TABLE 1.--a-factors for thick polished specimens (TPS) and tetragonal prism particles of 
mass diameter 1 mg/cm* (Ptc) in quinary oxide system. 


a-factor matrix, TPS 


TABLE 3.--Results of a-factor calculations of compositions (in oxide wt. %) of MgFeSi04 
tetragonal prism (A) and square pyramid (B) particles of various mass diameters (mg/cm?). 


MgFeSi0,, Oxide weight percent 


[Host | Ned] 510, [Fe 


Diam. 


0.2 A 24.5 | 40.5 
B 24.7 | | 40.3 
1.5 A 23.6 | | 41.7 
B 23.6 | 41.7 
2.0 A 23.6 41.6 
B 23.6 | 44.4 
3.0 A 24.4 | 41.2 
B 23.5 41.5 
LO A 23.5 41.7 
B 23.4 ee, 
6.0 A 1 41.7 
B | 41,8 
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The new values of concentration are then used to calculate new estimates of 8' and the 
cycle is repeated until convergence is obtained. 

Since in real particle analysis the electron beam or scanned area is larger than the 
particle cross section, the relation between the number of electrons striking the par- 
ticle and those striking the standard is unknown, and the results for the concentration 
must be normalized. In these simulations, no more than three iterations were required 
in any case before the normalized concentrations converged to differences of less than 
O.l wt. %. 

Table 3 lists representative results of these simulated analyses. The errors pro- 
duced by using the a-factor method are minimal; that is, both the simplified a-factor 
approach and the full Armstrong-Buseck method yield approximately the same results. The 
largest errors produced in the simulations are less than 6%, and the typical errors are 
less than 1% relative. These results indicate that concentration-weighted combinations 
of a-factors can be successfully used to relate intensities to concentrations in multi- 
component particle systems. Thus, both criteria for the application of the a-factor 
method to quantitative particle analysis appear to be met. 


Dtscusston 


The a-factor approach appears to be an accurate and quick method of implementing the 
Armstrong-Buseck particle corrections. Unlike the case of the thick polished specimens 
for which there is only one a-matrix for a given accelerating potential and take off 
angle, a series of a-factor matrices are required for the various particle sizes and 
shapes encountered in analysis. 

As seen in Fig. 3, the variation of the a-factor with particle size is regular, and 
linear interpolation between a-factor matrices of different diameters is possible. Ac- 
cess to a high-speed computer is required for the initial compilation of a-factor ma- 
trices. Matrices for a given, limited number of particle sizes and shapes can be calcu- 
lated and stored on a fast-retrieval data-storage device, such as a floppy disk. Once 
that is done, the interpolation of matrices and a-factor corrections can be executed 
very quickly with a small minicomputer system. 

We are at present completing the computer programs to calculate and compile particle 
a-factor matrices and are acquiring a series of such matrices. Programs to implement 
these matrices in particle analysis are available. 
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TERRESTRIAL AND EXTRATERRESTRIAL POLLUTION IN THE STRATOSPHERE 
D. E. Brownlee 


The stratosphere is an unusual terrestrial environment that contains a rather exotic 
mixture of sulfuric acid aerosols, sapphires, and meteorites. The submicron regime is 
dominated by sulfate aerosols! of terrestrial origin, but the size range above 5 um is 
composed primarily of materials from sources above the atmosphere.* Large terrestrial 
particles are exceedingly rare owing to high sedimentation rates, of the order of a kilo- 
meter per day, and the general lack of mechanisms for vertical transport of large parti- 
cles above the tropopause. Large particles are injected from the troposphere into the 
stratosphere, but only during transient events such as thunderstorms, volcanic eruptions, 
and nuclear explosions. Most of the large stratospheric particles are either aluminum 
oxide or particles of extraterrestrial origin. The aluminum oxide particles are rocket 
exhaust produced by oxidation of aluminum powder used as a fuel additive in solid fuel 
boosters. The cosmic particles are interplanetary debris produced by graduai disintegra- 
tion of comets and asteroids. 

Over the past decade we have collected and analyzed 3-50um stratospheric particles 
in an attempt to obtain samples of comets. The spatial density of l0Oum particles is only 
about 10-3 m-3, so that collection methods were required to sample huge volumes of air 
and produce only minor levels of contamination. Our successful collection schemes used 
inertial impaction from a high-velocity air stream onto very clean oil-coated collection 
plates. At first we made collections from balloons at 34 km using a large hydrazine- 
fueled air pump. The balloon experiments collected the first interplanetary particles, 
but now collections are made exclusively by routine aircraft sampling. The aircraft col- 
lections offer the advantage of a large number of collection hours per year. Collections 
are made at 20 km by means of a collector mounted under the wing of a NASA U-2 aircraft 
flown by Ames Research Center. The collector was built by G. V. Ferry and Neil Farlow 
at Ames to collect submicron stratospheric aerosols. For large particles it was modified 
to accept a 33cm* impactor plate. During collection the plate is placed in the ambient 
air stream with the surface normal to the air flow. When not collecting the surface is 
shielded in a cannister to prevent contamination. Each collection surface is rammed 
through ambient air for a cumulative time of 40 hr at 200 ms~! before return to the labor- 
atory for analysis. To prevent particle bounce off the collection surfaces are coated 
with 20um films of 5 x 10° centistokes silicone oil. All handling and preparation of the 
collection surfaces are done in a class 100 laminar flow cleanroom with specially designed 
tools and techniques. 

In the laboratory particles are located on the collection surfaces by means of an op- 
tical stereo microscope, and they are individually removed by tapered glass fibers held 
with a micromanipulator. The particles are next mounted on a drum-like mount consisting 
of a nuclepore filter glued to an electropolished stainless-steel ring. The particles 
are placed on a grid-like pattern produced by evaporating Pd through a mask overlay. Af- 
ter a sample drum is loaded with 48 particles it is placed on a fritted glass disk satu- 
rated with hexane (Fig. 1). The hexane wicks up through the nuclepore and washes the oil 
from the particles without moving them from their original positions. The particles are 
then coated with Pd and examined in the SEM. Routine analysis involves imaging and quan- 
titative EDX analysis using the Armstrong-Buseck ZAF correction procedures for particles. 

In the initial SEM screening the particles are classified and the extraterrestrial 
particles are distinguished from rocket debris and aircraft or cleanroom contaminants. 
One third of the particles picked off are identifiable as cosmic on the basis of their 
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elemental compositions. Most of the particles have unfractionated elemental abundances 
similar to those in the Sun and primitive meteorites. Typical weight percent abundances 
are the following: 10%--Fe, Mg, Si; 5%--C, S; 1%--Na, Al, Ca, Ni; 0.1%--Cr, Mn, Ti. Fol- 
lowing SEM work, the particles are subjected to a diverse array of studies depending on 
the particle type. These studies involve many laboratories and use techniques such as 
x-ray diffraction, use of a small diameter vacuum camera, neutron activation of individ- 
ual particles, + rare gas analysis,°°’© cosmic-ray ray track studies, Mg and Ca isotopic 
analysis,’ IR measurements, light scattering, and Auger spectroscopy. Of increasing im- 
portance is TEM analysis of individual components of single particles. This technique 
requires first crushing the particle between slides (Fig. 2) and then mounting the debris 
on carbon films using either plastic replica techniques or floating the carbon film off 
the slide onto water. With sequential crushing on different slides, it is possible to 
take a single 10-%g particle and mount it in the center squares of a half- dozen TEM grids. 


Particles being | 
washed Nuclepore filter 


drumhead 
Particle to be crushed 


Flectropolished 
stainless steel 
cylinder 


Porous 


glass disk 100 jem spacer 


: PLETAL TLL 


SIAMALT GL 2S: 


Ane ~Hexane Standard microscope slides 


FIG, 2,.--Technique for crushing nanogram 
particles prior to TEM analysis: particle 


FIG. 1.--Apparatus for batch cleaning of is located in scribed circle on bottom 
silicone 011 from particles mounted on slide and is crushed and ground by pres- 
nucleopore filter. sure on center of top slide. 


The initial surprise of the work on large stratospheric particles was the finding of 
large numbers of transparent aluminum oxide spheres.® The spheres are usually colorless 
and quite round, and have smooth surfaces without adhering debris.. The larger spheres 
are usually polycrystalline and grain boundaries produce a brain-like pattern on the 
sphere surfaces. At 3um size the aluminum particles outnumber cosmic particles ten to 
one, but the size distribution is steep, and for sizes above 8 um, cosmic particles are 
dominant. The sstratospheric aluminum oxide spheres are identical to those collected in 
the plume of a Titan III missile.’ The stratospheric concentration of spheres is fairly 
constant and apparently is maintained in quasi-equilibrium by injection of fresh particles 
from solid-fuel rockets, mainly the Titan III. 

Analysis of 400 extraterrestrial particles collected in the stratosphere indicates 
that most are produced by gentle fragmentation of only a few meteoroid types. The par- 
ticles are similar to primitive carbonaceous chondrite meteorites in respect to elemental 
composition. However, typical particles differ from all known meteorite types in the mor- 
phology and composition of individual constituent grains. The most common particles aré 
aggregates of grains ranging in size from less than 50A to microns (Figs. 3-5). Optically 
the particles are black even for sizes below 5 um. In the SEM typical constituent grains 
appear to be about 0.3 um but TEM analysis of crushed aggregates shows that many of the 
eupmteron ggratis are themselves aggregates of very small crystallites and amorphous 
grains. Often the aggregates are highly porous and fragile. Micron-sized grains in 
the aggregates are usually olivine, enstatite, pyrrhotite, or pentlandite. Most of the 
submicron grains are silicates of nonstoichiometric compositions with Mg, Fe, and Si as 
major elements. 

In addition to fine-grained aggregates of solar abundance materials, cosmic particles 
are also found that consist of single mineral grains ranging in size up to 50 um. Gener- 
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FIG. 3.--Typical extraterrestrial particle collected in stratosphere: bulk composition 
is similar to that of Sun for rock-forming elements; shaped grain is enstatite crystal. 


FIG. 4.--Cosmic aggregate particle similar to that in Fig. 3. 
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ally these particles are olivine, pyroxene, FeS, or FeNi metal. Particles of calcite and 
phosphate are occasionally found. The particles composed of single large grains are of- 
ten coated with a black fine-grained material identical to the fine-grained "solar com- 
position" particles. It is clear that the large grains were at one time embedded in a 
fine-grained matrix material similar to the aggregate particles. 


FIG, 5.--STEM (left) and SEM (right) pair of images of grains from crushed cosmic aggreg- 
ate particle: prints are mirror images, dark grain in STEM is sulfide, others are silic- 
ates; some grains are single minerals, others are composites. Scale bar = 0.1 um, 


The study of large stratospheric particles has shown that the composition of strato- 
spheric particulates is strongly size dependent. The submicron size range is dominated 
by ''sulfate aerosol," but for sizes in the approximate range 1-10 um most of the particles 
are transparent aluminum oxide spheres from solid-fuel rockets. For sizes larger than 10 
um most of the particles are extraterrestrial. The cosmic particles have primitive com- 
positions, are fragile, and differ in important ways from the strong materials that sur- 
vive atmospheric entry in large enough chunks to be found on land as meteorites. The 
cosmic particles are believed to be samples of interplanetary dust released from comets 
over the past 10 000 yr. 
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THE CHEMICAL COMPOSITION OF INDIVIDUAL SUBMICRON SULFATE PARTICLES FROM AN AEROSOL NEAR 
A POWER PLANT 


G. D. Aden and P. R. Buseck 


The particulate emissions collected 70 km downwind of the Navaho coal-fired power plant 
in northern Arizona have been studied by the quantitative analysis of individual parti- 
cles. The major submicron species are sodium sulfate and soot. A few of the smallest 
sulfate particles appear to have a silicate core. Rough size and volume distributions 
of the particles have been determined from SEM photographs. The sodium sulfate parti- 
cles are abundant and distinctive and thus appear to be a good tracer for the detection 
of the long-range transport of emissions from the Navaho coal-fired power plant. 


Introductton 


Coal combustion plays a major role in the production of electricity in the USA and 
is a large source of particulates, including sulfates in the atmosphere, There have been 
extensive studies of the particulates formed during coal combustion and of the fate of the 
trace elements contained in the coal.! Recently there has been a major effort to under- 
stand the nature and fate of the sulfur species emitted, which have been linked with visi- 
bility reduction and adverse health effects.* Bulk chemical analyses of sized fractions 
have shown the size ranges in which the particulate sulfates are concentrated,* but only 
a few chemical species have been identified. t?° 

To further understanding of the chemistry of the particulates released during coal 
combustion, the individual submicron particles collected in the plume of the Navaho coal- 
fired power plant have been studied. This plant is the largest in Arizona, with a full- 
load capacity of 2250 MW. Its three combustion units burn mostly low-sulfur western coal 
and are each outfitted with electrostatic precipitators.® By a procedure developed for 
an analytical scanning electron microscope (SEM) with energy-dispersive spectrometer 
(EDS) , individual submicron particles have been imaged and chemically analyzed, qualita- 
tively for all elements from Na to U and quantitatively for elements found in the particles. 
These data reveal substantial numbers of particles whose major chemical species are sodi- 
um and sulfur with atomic proportions of 2:1, respectively. Such emissions have not been 
previously described in power-plant plumes. 


Sample Colleetton, Preparation, and Analysts 


Samples were collected by means of 47mm serial nuclepore sampling heads’ fitted with 
12.0, 3.0, and 0.4ym nuclepore filters. Sample collection times varied from 15 min to 
2 hr at a constant flow rate of 13 lpm. In all cases mass loadings on the filters were 
low enough so that particles were sufficiently dispersed to preclude reactions between 
particles and allow individual particle analysis. Samples were collected both within and 
outside of the emission plume; SO» levels monitored in the area were used to detect the 
presence of the plume. The presence or absence of fly ash spheres on the sample stages 
was used as an independent confirmation of whether or not a sample was from the plume or 
background. In all cases, these two methods agreed so that we believe the plume defini- 
tion was adequate. 

For the analyses, two 0.5cm squares were cut from each nuclepore filter and directly 
mounted to a carbon stub by a thin film of colloidal graphite between the filter and stub. 
One square was coated with gold-palladium for imaging, size analysis, and qualitative 
chemical analyses; the other square was coated with carbon and used for quantitative anal- 
yses. 
A size distribution of particles on each filter was determined by measuring the par- 
ticle sizes from a series of SEM photographs ranging in magnification from 200 to 30 000x. 
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A volume distribution was also calculated from the size measurements. These data were 


plotted in the manner described by Whitby® (Fig. 1), to permit comparisons with other 
studies. 
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FIG, 1.--(a) Number size distribution for downwind sample taken in power-plant plume vs 
particle diameter DP; (b) volume distribution calculated from same data. 


All samples for quantitative analysis in the SEM were run at a current of 4.0 x 10719 
amp, which allowed reasonable counting rates (2500 cps on quartz) and yet enabled imaging 
of particles as small as 0.1 um. Thick polished samples of albite (NaA1Si30g) and troi- 
lite (FeS) were used for the sodium and sulfur standards. 

Data from the quantitative SEM/EDS individual particle analyses were reduced by 
procedures developed for minicomputers combining new theory’ with portions of algorithms 
referenced and described previously,1%>1! We confirmed the accuracy of the analyses of 
individual particles by grinding crystals of reagent grade Na»SO, to submicron size in 
a boron carbide mill and thenanalyzing them in the same manner as the aerosol samples. 

Table 1 shows the results of the analyses of 20 standard particles ranging in size 
from 0.3 to 3.0 um. It can be seen that the error in the analyses is well within the 
limits needed to identify the ratio of Na to S as 2:1 and thus the particles as NajSO, 
rather than NaHSO,. However, this type of analysis does not allow sulfate to be distin- 


guished from sulfite. With this limitation in mind, all samples will be treated as sul- 
fate. 


TABLE 1.--Average analysis of 20 standard NajSO, particles in the size range 0.3-3.0 um; 


tq is the precision at the 95% confidence level. Wt. % and errors relative to NaHSO, are 
presented for comparison. 


true wt. % q rel true wt. % 


Element eas to "N2,80, error NaHSO, ik 
Na 33.6 (330) 32.4 + 3.7 19.3 + 74 
5 214.9 (20) 2256 - 3.1 26.9 - 19 
0 HY ,5% ( - ) 45.1 - 1.4 5350 aL 


*Oxygen calculated by stoichiometry, Na,O and SO3 assumed. 
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Results 


Qualitative analyses of several hundred particles in the 0.1-0.5um size fraction 
show that the major species contain only sodium and sulfur (Fig. 2). A few of the 
smaller particles also show a small Si peak (Fig. 3). Quantitative analyses of many 
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ENERG Y 
FIG. 2.--(a) Spectrum of 0.lum sodium sulfate particle: shaded area shows calculated back- 
ground; there were no visible peaks beyond 5 keV; (b) image of sodium and sulfur contain- 
ing particles. (Scale bar is 1.0 um). 


particles at random in several 20 x 20um* samples of filter showed that 90% have a Na to 
S ratio of 2:1 (Table 2). The remaining particles are agglomerates that gave no visible 
peaks in the x-ray spectrum. These particles are very stable within the electron beam, 
which precludes ammonium sulfate; they have the morphology of soot and are therefore pre- 
sumably carbonaceous material (Fig. 4). 


TABLE 2.--Average analysis of 30 aerosol particles in the size range 0.1-0.5 um. 


true wt. % 


Element a ad to “Na, 80,,, ae 
Na S2a0 (3.8) 32.4 ae ee 
S 22.3 (1.8) 22.6 - 1.3 
0 Hy, 8% ( = ) 45.1 - 0.7 


lie cyt eam ee ee te ee Set se es 
* oxygen calculated by stoichiometry 


The volume distribution calculated from the plume samples (Fig. 1b) shows a small 
peak centered in the diameter range Whitby has described as accumulation mode aerosol. 8 
This peak is very small when compared with the volume distributions calculated by others 
for power plant plumes,!* probably because of the amount of dilution of primary particu- 
lates.that has takem place by the time the plume reached our collectors. It would also 
seem to indicate that not much secondary growth of particles from smaller size ranges 
into this intermediate range had taken place yet. . 
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FIG. 3,.--Spectrum of 0.15yum sodium FIG. 4.--SEM image of soot particles. (Scale bar 
sulfate particle showing evidence is 1.0 um). 


of silicate core. 


Conelustons 


A major sodium sulfate phase has been.identified in the submicron emissions of a 
large coal-fired power plant. The presence of a Si peak in some of the sodium sulfate 
particles may indicate that they were formed around a fly ash core. The intensity of 
this peak would suggest that the core is less than 0.05 um in size, but the data are 
limited and therefore not conclusive. 

Quantitative analysis of the individual particles indicates that the great majority 
of submicron particles 0.1 to 0.5 um in diameter are NajSO,. It is curious and of some 
concern that sodium sulfate particles have not been described previously as an emission 
from coal-fired power plants and yet we have observed them in such abundance. Sodium 
sulfates have been postulated as an artifact of sample collection from the reaction of 
sodium chloride particles with sulfuric acid mist.°»!3 However, in this case no NaCl 
particles were observed in the background samples (~0 SO» levels) and no sodium sulfate 
particles have been observed on our control blanks. Small numbers of NajSO, are observed 
in the background samples at about a 10-fold reduction in numbers when compared to the 
plume samples. These are presumably particles emitted earlier that have not yet been re- 
moved from the atmosphere. Sodium sulfite and bisulfate can be produced if the flue gas 
is scrubbed by the Wellman-Power gas process!* but not in the size range described and 
certainly not in this case, as these gases are not scrubbed before being released. 

The source for the sodium sulfates would seem to be by primary production during 
coal combustion. Na ,SO, is known to be a major source of corrosion in coal-fired boil- 
ers and presumably is also available to escape through the electrostatic precipitators 
and up the stacks. It is not known why studies of power plants by mass-balance calcula- 
tions have not described the sodium loss, but that may be due to the fact that even though 
the numbers of particles are large, the actual mass associated with the particles is small. 

The sodium sulfate particles have not been observed as emissions from other sources 
in Arizona in this size range. However, large numbers of these particles are emitted 
from the Navaho power plant. These facts, combined with the distinctive chemistry, mor- 
phology, and size range of the particles, makes them a prime candidate for use in the 
long-range tracing of coal-fired plumes. 
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FIBROUS PARTICLES FROM A COPPER SMELTER AEROSOL 


J. P. Bradley and P. R. Buseck 


Recent studies of aerosol released from an Arizona copper smelter have indicated substan- 
tial concentrations of fibrous particles within the < 10*A size range. Although x-ray 
energy-dispersive analysis (EDS) yielded little information on their compositions, wave- 
length-dispersive analysis (WDS) has shown that carbon is a major constituent of the fi- 
bers. Subsequently, high-resolution transmission electron microscopy (HRTEM) was util- 
ized to obtain lattice images from single particles. The measured fringe spacings ob- 
tained from some fibers are consistent with those of graphite. Other fibrous particles 
and particle agglomerates are seen to consist of single crystals joined together to form 
dendritic particle agglomerates. These particles contain elements of low atomic number 
and, as a result, their chemistry has not been fully characterized. 

There are seven copper smelters in Arizona. Together they account for more than 50% 
of the copper produced in the USA by pyrometallurgical smelting.!’* It has been estimated 
that these smelters release about 40 000 tons of particulate material into the atmosphere 
every year.? Such large quantities of emitted debris pose the possibility of a health 
hazard to the population within the fallout region of the particulates. On the other 
hand, it is possible that the emissions do not produce serious health effects. Clearly, 
before any reliable conclusions can be reached regarding the environmental impact of 
these particles in the aerosol it is necessary to understand both bulk properties and in- 
dividual particle characteristics including sizes, morphologies, and chemical composi- 
tions. 

The bulk chemistry of particulates released from the Arizona copper smelters has re- 
cently been investigated.+»> However, little is known about the characteristics of indi- 
vidual component particles. We have initiated a study of particle emissions from a south- 
ern Arizona copper smelter and have encountered some unusual and distinctive fibrous par- 
ticles in the smelter plume. They range in length from 10°-10* A and have very distinc- 
tive morphologies. They occur in three forms: (a) single unbranched particles up to 10" 
in length, (b) four particles joined together in a tetrahedral arrangement, or (c) den- 
dritic particle agglomerates formed by the linking together of several tetrahedra (Fig 1). 


Collection Procedures 


Samples were recovered over a six-month period from various locations within the val- 
ley surrounding the smelter. Most were collected at one of the eight emission monitoring 
stations built and maintained by the smelter personnel. Sampling episodes were timed to 
coincide with high SQ, levels and/or when the plume had visibly descended over a station. 
Portable sampling equipment was also used during times of plume migration and for sampling 
at greater distances from the source. In addition, direct sampling of the plume was 
achieved by the use of a light aircraft. Particles were collected by vacuum filtration 
directly onto nucleopore substrates and TEM grids. Samples for light element analysis 
were collected with an Anderson cascade impactor onto aluminum substrates. 


Analytical Techntques 


Analyses were performed with an analytical scanning electron microscope (JEOL-JSM 35) 
with crystal spectrometer and Princeton Gamma Tech x-ray energy analyzer. In general the 
most common fibrous material found in aerosols is asbestos, a group of silicate minerals. 
Therefore preliminary investigations were confined to elements common to that group. How- 
ever, EDS analysis shows no silicon signal, nor that of any other element except for minor 
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(a) 


(b) 


(c) 


FIG. 1.--Three fibrous particle morphologies: (a) single fibers, (b) tetrahedra, (c) 
dendritic agglomerates. (Scale bars, 10+A.) 
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sulfur which may be present on the particles as a surficial sulfate compound (Fig. 2).657 
In order to test for light elements, particles collected directly onto aluminum substrates 
were analyzed with the crystal spectrometer. Although the signals were weak and thus 
yielded a low peak-to-background ratio, the results suggest that both the single fibers 
and the fiber agglomerates contain carbon as a major constituent. (Since the smelter fur- 
maces at this location are fired by coal and/or natural gas, this finding is not unex- 
pected. In fact, carbonaceous particles, chiefly in the form of "soot,'' make up a sub- 
stantial proportion of the respirable size range). 

HRTEM was employed to obtain high-resolution images of single fibers (Fig. 3). The 
measured fringe spacings (3.4 A) suggest that some of the particles are graphite fibers. 
Images obtained from particle agglomerates show single crystals joined together to form 
tetrahedra and dendritic structures. Electron diffraction and energy loss spectroscopy 
are being used currently to elucidate both the structures and chemical compositions of 
these particles. 


447 
SULFUR 
I 
FIG. 2,.--X-ray energy-dispersive FIG. 3.--High-resolution transmission electron micro- 
spectrum of a fibrous particle graph of a single fibrous particle, (Arrow shows 3.44 
agglomerate showing only minor fringe spacings. Scale bar = 100 A. ) 


sulfur, possibly present as a 
surficial sulfate. ‘ 
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APPLICATION OF INDIVIDUAL PARTICLE QUANTITATIVE ANALYSIS IN THE DETERMINATION OF 
AMBIENT AND SOURCE AEROSOL HETEROGENEITY 


J. T. Armstrong and P. R. Buseck 


A useful summary of individual particle quantitative analyses for air pollution samples 

is the determination of the degree of particle heterogeneity. The particle-heterogeneity 
level can provide valuable information regarding particle sources and formation mechanisms , 
and is applied in this paper to the characterization of suspended mineral material in an 
urban environment. 

The quantitative analysis of individual airborne particles can provide important in- 
formation regarding the nature, sources, and mechanisms of formation and modification of 
pollutant aerosols.1’* A serious problem in the analysis of individual particles, how- 
ever, is how to summarize the many disparate particle compositions and relate them in any 
meaningful way to the bulk aerosol. 

One approach of particle-data summarization is to characterize the typical composi- 
tions of particles from various sources and, by mass balance calculations, to relate them 
to the aerosol bulk composition. Such mass balance calculations require analysis of a 
large number of particles before accurate '"'typical' source particle compositions can be 
attained, and become impractical when the bulk aerosol is very heterogeneous. 

Another means of aerosol characterization by individual particle analysis is the de- 
termination of the degree of particle heterogeneity. An aerosol emitted from a given 
source is composed either of particles of similar composition or of particles of differ- 
ent compositions. The degree of this particle heterogeneity can be an indicator of the 
mechanism of particle formation or modification, and can, in certain instances, act as a 
fingerprint of the particle source. 

The determination of particle heterogeneity is a simple operation, but it requires 
individual particle quantitative analysis and cannot be inferred by bulk analysis and in- 
dividual particle qualttative analysis alone. To determine the degree of particle hetero- 
geneity, one simply performs quantitative analyses on a representative number of particles 
from the particular set to be studied (e.g., from a size fraction of particles of a given 
aerosol source). The mean X and standard deviation o of the various element weight frac- 
tions are then determined. By dividing the standard deviation by the mean, one obtains 
a measure of the level of particle heterogeneity o/X. The larger the value of o/X, the 
greater the particle heterogeneity for that element in the aerosol. To determine whether 
a representative group of particles has been analyzed, the mean particle analysis can be 
compared to the measured bulk analysis. 

We have employed particle heterogeneity determinations in the characterization of sili- 
cate and other mineral particles found in ambient air samples from the Phoenix, Arizona, 
metropolitan area. We have found that particle heterogeneity determinations are useful 
both in understanding the nature of mineral particle formation in the Phoenix aerosol and 
in distinguishing between some natural and anthropogenic mineral particle sources. 


Methods of Collection and Analysts 


Ambient and source particle samples were collected in conventional low-volume and 
cascade-impactor air samplers. Source samples were collected in close proximity and down- 
wind from the source emission. The particles were transferred to graphite planchets, car- 
bon coated, and analyzed with a Cameca MS-46 electron microprobe. The quantitative analy- 
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TABLE 1.--Mean element weight percents xX, and levels 
of heterogeneity o/X, for (A) coarse 5-7um diameter, 
(B) medium 2-5um diameter, (C) small 0.5-2um diame- 


ter mineral particles from Phoenix ambient air sample. 


| (A) Coarse (B) Medium (C) Fine 


x off X off 
Na 1.9 0.8 2.8 
K 1.2 0.6 1.9 
Ca 1.8 13.2 2.0 
Mg 0.7 0.6 1.6 
Fe 1.7 13.6 1.9 
Al 0.7 6.1 1.4 
Si 0.6 22.59 0.8 
Ti = 0.1 3.8 
Cl = = = 
0 = 42.7 = 


TABLE 2.--Mean element weight percents x, and levels 
of heterogeneity o/X, for coarse 5-20um diameter min- 
eral particles from (A) natural dust air sample in 
South Phoenix, (B) emissions from rock-crushing 
operation near location (A). 


Site A (Ambient) Site B (Source) 


geneous. 
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sis and particle correction pro- 
cedures of Armstrong and Buseck?’4 
were employed. The means and stan- 
dard deviations of the analyses for 
particles in given size fractions 
were determined. The number of 
particles necessary to yield repre- 
sentative mean mineral particle 
compositions varied from sample to 
sample and ranged from as few as 

20 in homogeneous samples to more 
than 100 in heterogeneous samples. 


Results 


Table 1 shows typical values of 
selected mean element weight frac- 
tions and levels of heterogeneity 
for various sized fractions of a 
natural dust aerosol collected in 
the Phoenix, Arizona, metropolitan 
area. There are distinct differ- 
ences among fractions of various 
sizes both in the average compo- 
sition and in the degree of par- 
ticle heterogeneity. (The former 
could have been determined by bulk 
analysis of the sized fractions, 
but the latter could not have been 
so determined.) 

As can be seen in Table 1, the 
large particles are more homogeneous 
in composition (o/X is smaller) than 
the small particles. The individual 
particle analysis results indicate 


that the large particles do not correspond to 
any Simple monominerallic composition, where-: 
as a number of the small particles were of 
Simple monominerallic composition (such as 
quartz and calcite). 

A possible explanation for the above re- 
sults is that the dominant components of both 
coarse and fine particles are fine-grained 
mineral weathering products. 
of the fine particles are composed of single 
grains, most of the large particles are ag- 
glomerates of many grains of the weathering 
products. 
could be simple surface-abrasion products of 
natural rock weathering. 
ticle agglomerates could be assumed to be more 
uniform in composition than the smaller grains. 

Large silicate particles are commonly found 
to be fairly homogeneous in composition in 
Phoenix-area natural dust samples. 
the large particle fraction of silicate dust 
from anthropogenic sources can be quite hetero- 


Whereas some 


These large particle agglomerates 


Thus, the large par- 


However, 


Table 2 shows the results of hetero- 


geneity determinations for the large particle 


fraction of two dust samples from south Phoenix. The first is a natural dust sample; the 
second, a sample of emissions from a rock-crushing operation not far from the first loca- 
tion. 

Although the mean particle compositions of the two samples are similar (except for 
Fe), the heterogeneity levels are quite different. The emissions from the rock-crushing 
operation are much more heterogeneous than the natural dust sample. Individual particle 
analyses show that several of the particles from the rock-crushing operations are mono- 
minerallic--plagioclase, mica, quartz, etc. 

In rock crushing, unweathered rock interiors are exposed and ground up. Such un- 
weathered portions are much coarser-grained than the weathering products on the rock 
surface. Crushing of unweathered rock portions can be expected to produce quantities of 
monominerallic particles and thus a heterogeneous aerosol. Therefore, the degree of par- 
ticle heterogeneity can possibly be used as an index of the "freshness'' of source material 
and as an indicator of the aerosol's possible origin. 


Coneluston 


Particle heterogeneity levels are very easy to determine when individual particle 
quantitative analyses are performed. As is shown in the examples above, the heterogeneity 
levels can, in some instances, provide some interesting and valuable information regarding 
the nature of ambient and source aerosols. 
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ELEMENTAL ANALYSIS OF AERODYNAMICALLY SEPARATED RESPIRABLE FLY ASH PARTICLES 
P, B. DeNee and R. L. :Carpenter 


Characterization of the fly ash particles emitted from fluidized bed coal combustion is 
of interest to those concerned with the inhaled dose to man represented by these parti- 
cles. Since the parent coal combusted in the fluidized bed combustor (FBC) is hetero~ 
geneous, we expected the fly ash particles to vary considerably in their composition. 
This result was borne out by our data. Methods of chemical analysis such as atomic ab- 
sorption, neutron activation analysis, x-ray fluorescence, electron spectroscopy for 
chemical analysis and spark source mass spectrometry result in an average composition 
for the fly ash rather than the composition of individual particles. It is important to 
determine the composition of individual particles and to determine whether the chemical 
composition changes with the aerodynamic diameter D,, of the particles because such fac- 
tors may influence the toxicity of the fly ash. We have determined the composition of 
individual respirable fly ash particles of four aerodynamic sizes. 


Methods 


The aerosol particles were collected from an experimental atmospheric pressure fluid- 
ized bed combustor burning Montana Rosebud coal with a dolomitic limestone bed. They 
were collected by means of a Lovelace aerosol particlé separator (LAPS) device! that sep- 
arates the particles as a function of aerodynamic diameter and collects them on a stain- 
less steel foil. Copper transmission electron grids with Formvar-carbon substrates were 
attached. to the foil at various positions along its length. Four foil positions were se- 
lected (10, 20, 30, and 40 cm, measured from the beginning of the foil) in order to col- 
lect particles of various aerodynamic sizes, These positions correspond to aerodynamic 
diameters D,, of 2.7, 1.7, 1.2, and 0.7 um, respectively, The samples were collected for 
38 min at a sample flow rate of 300 cm?/min at the FBC stack breech. Up to 50 particles 
were chosen for analysis from each size class, 

The analysis was performed by means of a JEOL JSM 35 scanning electron microscope. 
The beam voltage was 25 kV and the beam current was about 10 na. Each grid was mounted 
separately in a carbon grid holder (PELCO 1653, made by Ted Pella, Inc., Tustin, Calif.). 
The grid was tilted at 45° (measured from the beam normal) towards the X-ray detector. 
The X-ray detector was a lithium drifted silicon detector, Kevex Model 78, with a detec- 
tion area of 30 mm*. The elemental analysis was performed by means of an x-ray analyzer, 
Kevex Model 5100. Nine elements were selected for analysis (Mg, Al, Si, P, S, K, Ca, Ti, 
and Fe) because they represent the most common inorganic elements in the parent fuel and 
bed material. A grid square was chosen at random and particles were chosen from the mid- 
dle of the grid square. The x-ray spectra were first collected for 100 sec and the back- 
ground was then subtracted from these spectra in accordance with a background normaliza- 
tion procedure developed by Kevex. 


Results 


Table 1 is a compilation of the average composition of the fly ash particles in each 
of four size classes. The mean, median, and range of concentration for each of the nine 
elements are included for each size class. The results from two different samples are 
included, Dae = 2.7 um. Also included in Table 1 are the compositions of the parent coal, 
the limestone, and the used bed material. For ease of comparison, the concentrations of 
all nine elements were normalized so that their sum was 100%. 


The authors are with the Inhalation Toxicology Research Institute, Lovelace Biomedi- 
cal and Environmental Research Institute, Box 5890, Albuquerque, NM 87115. Research per- 
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TABLE 1.--Composition of fly ash vs particle size. 


size,D.., analyzed Percent concentration of the nine elements Ratio 
um) n) Mgt OAL A 81 PS ea) tf re. S/Ca 
2.7 50 7.9} 25 23 0.7) 6.1] 1.3] 29 1.7) 6.1] 0.2 
Median 6.5) 24 23 0 Zed 0. 25> Ol Oey Ziad 
| Ranget(U) | 28, | 52 | 66 19%. .j 35. 7594: 76 22 73 
| Range (L)| OF | 4.8] 0 0 0 | 0 eg ae 0 
; 91 | 2k 2.51-0.71 29 | o.6| 8.21 0.1 
19 0 1.1! 0 27 0 0.8 
63 24 8.7 | 4.6} 66 2.8} 89 
2) O26 1-0 Oe. 0 ak 0 0 
1.7 139 | Mean Veal a6 85.0. 1 aoe) er aa aa od 
Median 0 13 0 0 0 Oo | 49 0 11 
Range (U) | 15 56 1100 0 23 20 {4100 18 94 
Range (L) 0 0 0 0 0 0 0 0 0 
[2 16 | Mean 1g | 23 9.4 ] 1.8] 13 0-91 30 1.3, 2.5 | 0.4 
| Median 19 18 tr aes 11 0.4; 33 0.2 1.1 | 
| Range (U) |}40 4100 4. 32 5.11 50 Sel ORS 
Range (L) | 0 0 0 0 0 0 0 
fii? Mean 13 24 19 0.5 0.21 13 0.6 
Median 112 18 5.1 0 0 1.4 
Range (U) | 34 50 4A 1.9 1.24100 
| Range (L) 0 0 0 0 
O26) 7:25 0.3 
1.0} 8.7 | 0.4 
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U = upper limit of range; L = lower limit of range. 
A zero value indicates the element could not be detected. 


Figure 1 is a plot of the frequency of particles containing an element vs the concen- 
tration of the element (weight % plotted in 10% increments) for a sample of particles 
with Dae = 2.7 um. The mean concentration + 1 standard deviation for all the particles 
of this size range is included on each plot. Calcium, aluminum, and silicon were present 
in the largest quantities in the majority of the particles in this size range. 


Discusston 


Comparison of mean and median elemental concentrations allows deductions to be made 
about the distribution of elements among the particles. The mean values of the elemental 
composition within a particle size range correlated with the elemental composition mea- 
surements on milligram size samples. The median values for the elemental concentrations 
are indicative of the analysis of individual particles. If the mean and median are not 
equal, it means that the distribution is skewed. In a majority of the analyses, the mean 
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value was greater than or equal to the median value. The median value for several ele- 
ments was below the detection limit; the mean values ranged from 0.2 to 8.5%. This re- 
sult implies that these particular elements were detectable in fewer than half of the 
particles. In addition, there were a few particles that contained only one element, 
e.g., Al, Si, Ca, or Fe. The large range of elemental composition for many of the par- 
ticle classes (from 0 to 100 %) strongly indicates a large degree of heterogeneity with- 
in the samples as shown in Fig. 1. In addition, although there was great variability in 
the composition of the particles within a single size group, there appeared to be a trend 
toward the smaller particles containing a larger percentage of magnesium, sulfur, and 
iron, but a smaller percentage of calcium and titanium than the larger particles. Al- 
though it is difficult to obtain statistically significant analyses because of the large 
standard deviations and ranges, several trends are apparent. 

First, there is reasonable agreement between the composition of the parent coal and 
the 2.7um size fraction, except for Si, Mg, and Ca. This observation would suggest that 
the large particles are a combination of the coal minerals and the limestone. The in- 
creased presence of Mg in the large-size fraction many result from the larger errors 
present in the analysis of low atomic number material by energy-dispersive x-ray analysis. 

Second, the S/Ca ratio increases as particle size decreases. Sulfur increased, Ca de- 
creased. This observation suggests that the smaller Ca particles are more effective for 
trapping the sulfur. Although S was seen in some of the Ca-containing particles, it was 
not detected in all the particles. 

Third, the amount of Si in the fly ash is less than in the parent coal, more than in 
the limestone, and about the same as in the spent-bed material. In contrast, the amount 
of Al in the fly ash is about the same as in the parent coal but more than in either the 
limestone or spent-bed material. This observation would suggest that since the parent 
coal contains both silica and aluminosilicates, the silica may be trapped in the bed ma- 
terial but the aluminosilicates may be released with the fly ash. This possibility is 
being investigated further. 

Finally, our examination of the major element composition of FBC fly ash shows con- 
siderable particle-to-particle variation for all aerodynamic size ranges. 
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IMPROVEMENT IN ASBESTOS ANALYSES USING MICRODIFFRACTION 


D. R. Beaman and H. M. Baker 


It is shown that microdiffraction provides a better means of identifying chrysotile fi- 
bers than selected-area electron diffraction. The accuracy in the measurement of fiber 
concentrations in relatively unclean samples is highest when the fiber identification is 
based on morphology, microdiffraction, and elemental intensity ratios. 

If the proposed Environmental Protection Agency guidelines! concerning the asbestos 
content of ambient water are used to set limitations for waste water effluents, the ac- 
curacy of the analysis methods based on transmission electron microscopy*~ > must be im- 
proved. The problem is most severe when an effluent with high solids and low chrysotile 
content is analyzed. In such cases the detection limits are high, each detected chryso- 
tile fiber may correspond to 1 to 10 million fibers per liter, and only a few fibers are 
observed in an analysis requiring 8-12 hr. Under such circumstances the interim method 
proposed by the EPA® is subject to significant error because the chrysotile fibers are 
identified only on the basis of their morphology and selected-area electron diffraction 
(SAED) patterns. Although chrysotile morphology is distinctive, it is not entirely unique 
and is often compromised or obscured by other solids in the camp leee A group of ten inves- 
tigators counted chrysotile fibers on a series of electron photomicrographs with the re- 
sults shown in Table I. The samples were all 50% NaOH and clean when compared with a 
typical effluent sample. The broad range in counted fibers illustrates the difficulties 
with morphological identification. Chrysotile and the clay minerals halloysite and poly- 
gorskite have been shown to have similar morphologies.® 


TABLE 1.--Counting of chrysotile fibers in a series of electron micrographs. Range 
column shows minimum and maximum number of fibers counted by 10 different investigators. 


Number of photo- Number of eee 
micrographs 


7 


Relative standard 
deviation (%) 


A 7-73 24 19 79 
B 62-121 87 18 21 
43-66 54 


SAED of chrysotile fibrils is even less reliable. In earlier work it was found that 
less than 15% of the chrysotile fibrils in a clean water standard provided positive SAED 
patterns, and the PETC eneas providing positive SAED patterns only reached 50% when there 


were 4 fibrils in a fiber. Other investigators have encountered similar difficul- 
ties. Ampian reported that positive identification using SAED could be made only from 
carefully indexed pat erns yielding accurate lattice parameters.? Ross found SAED pat- 
terns of asbestos minerals difficult to obtain and interpret; 200 keV was required for 
distinct patterns.!! Biles and Emerson reported that most chrysotile fibers in beer did 
not give identifiable patterns.!* On the other hand, Samudra reported that 99% of the 
chrysotile fibers in the size range of 20-120 nm (diameter) provided good patterns. 13 
Feldman found in four samples of the same reference solution (chrysotile in filtered dis- 
tilled water) that 68% (58-84% range) of all fibers were diffracting, but that only 47% 
(36-66% range) of the fibers with lengths below 0.4 um were diffracting.!* In a recent 
ASTM study of a filtered water sample spiked with chrysotile, the percentage of chryso- 
tile fibers identified on the basis of SAED varied from 5 to 70% and averaged 30% for ten 
independent laboratories. The results would be far worse for an effluent sample in which 
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many fibers would be coated or in close proximity to other crystalline solids. 

There are several reasons for the difficulties and variations encountered with SAED 
identification. A major problem is the lack of a consistent classification scheme. 

Some investigators require fully indexed diffraction patterns for positive identifica- 
tion./9°!5 This requirement is impractical in an analysis that requires 8-12 hr even 
when identification is based on visual inspection of the diffraction pattern on the flu- 
orescent screen; it is also usually unnecessary in the case of chrysotile where the SAED 
pattern is distinctive. Some patterns are similar to chrysotile,®’? but any uncertain- 
ties can generally be resolved by means of an elemental spectrum from an energy disper- 
sive spectrometer.*’!® The chrysotile pattern is streaked in alternate layer lines, has 
a characteristic layer line spacing, and exhibits distinctive reflections, e.g., in the 
second and fourth rows from center. If the positive identification of a fiber were based 
on the presence of all these features, only a small fraction of chrysotile fibers would 
be counted.2’8 The problem is that many patterns are initially incomplete and others 
fade within 30 sec to such an extent as to be unidentifiable. This is an electron beam- 
induced degradation due to dehydroxylization!? and carbon contamination. Under such con- 
ditions an analyst, discouraged by poor diffraction patterns, may relax the criteria for 
positive SAED identification and classify as positive all fibers providing any indication 
of crystallinity. In a chrysotile standard where only 10% of the fibrils gave positive 
SAED patterns, 40-70% gave indications of crystallinity.*’8 In the extreme case the ana- 
lyst tires of poor patterns and begins classifying fibers on the basis of morphology only. 
Reliance on crystallinity and/or morphology alone leads to highly inaccurate results and, 
in the case of an effluent, can result in the detection of large quantities of asbestos 
where none is present. These problems, coupled with differences in instruments? and the 
presence of fiber coatings or interfering crystalline solids, make SAED identification 
relatively unreliable. 

The quality of the analyses can be improved if individual fibers are subjected to 
elemental analysis by means of an energy-dispersive spectrometer (EDS). In modern in- 
struments with large solid angles (30mm* detector surface and 15mm specimen-to-crystal 
distance) the Mg/Si ratio of a fibril can be acquired in under 30 sec. Basing the fiber 
identification on the combination of morphology, SAED, and EDS can minimize the ambigui- 
ties associated with each individual mode. With this approach interlaboratory reproduci- 
bility has been better than 20%.8® 

The diffraction portion of the identification can be improved by use of the microdif- 
fraction mode rather than SAED. Microdiffraction was performed on chrysotile standards 
in the JEOL 100CX and the Philips EM400T analytical transmission electron microscopes. 
The former was a diffusion-pumped system subjected to rigorous cleaning procedures and 
the latter had an ion-pumped column, Twelve fibrils that did not provide good SAED pat- 
terns were successively examined in the microdiffraction mode and a positive pattern was 
obtained on each (Fig. 1). In another experiment forty consecutive fibrils gave positive 
microdiffraction patterns. The patterns were stable and did not fade within the time re- 
quired to establish diffraction conditions. In two experiments on pattern stability the 
pattern did not fade in 20 min, a significant improvement over SAED that allows electron 
diffraction to be effectively utilized in the routine analysis of chrysotile asbestos in 
water and air samples. In relatively clean water samples, such as tap water and many 
lakes, an accurate analysis should be possible by the EPA interim method? with SAED re- 
placed by microdiffraction. In relatively unclean waters, such as waste-water effluents 
and many river samples, where a few fibers lead to a large concentration and the fibers 
may be compromised by coatings and other interfering materials, the identification should 
be based on morphology, the Mg/Si ratio determined by EDS, and the microdiffraction pat- 
tern. When this approach is used in conjunction with a Samp lee eb ate eeey. technique in 
which fiber losses are minimized (carbon-coated Nuclepore) ,°’? improved accuracy and in- 
terlaboratory reproducibility should be possible. 

Microdiffraction (u-diffraction) has been referred to as microbeam diffraction,!7°18 
focused-beam Riecke technique,!? or focused-aperture microdiffraction.*® The image and 
diffraction patterns are formed in the normal manner, but the sample is illuminated with 
a fine beam of electrons. The fine parallel beam of electrons is formed by a strongly 
excited first condenser lens and a small (typically 20um) second condenser aperture. The 
second condenser is focused to provide the minimum spot diameter. The diffraction pattern 
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is formed on the back focal plane of the ob- 
jective lens, magnified (intermediate lens), 
and projected (projection lens), as in con- 
ventional diffraction. Microdiffraction dif- 
fers from SAED in that the small second con- 
denser aperture defines the analysis area 
rather than the field-limiting aperture used 
in SAED. 

In SAED the field-limiting aperture and 
the spherical aberation of the objective lens 
limit the minimum analysis diameter to 0.5-] 
um. In microdiffraction the beam diameter at 
the sample defines the diffraction analysis 
diameter, which can be as small as 40 nm. 
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Focusing of Charged Particles 


ELECTROSTATIC DEFLECTION SYSTEM FOR USE WITH AN ELECTRON ENERGY LOSS SPECTROMETER 


C. E. Fiori, C. C. Gibson, and R. D. Leapman 


An electrostatic deflection system is described that can be placed between the magnet 
and analyzing slit of an electron energy loss spectrometer and has the advantage of pro- 


viding a fast, essentially flicker-free display for the energy loss spectrum. 


This dis- 


play can greatly simplify spectrometer alignment, which often involves the optimization 
of several instrumental parameters; it allows the effect of a change in any adjustment 


control to be seen immediately. 


The deflection system can be easily and independently 


addressed by a computer; we discuss how it might be used to sample the energy loss spec- 


trum just above and just below a core edge to give energy-selected imaging. 


The spectrum 


is normally recorded by ramping of the magnetic prism excitation, which could also be 


used for alignment .!°4 


achieved as a fast ramp of the potential across electrostatic plates. 


However, a rapid scan in the coil current is not as easily 


Moreover, the use 


of an electrostatic system excludes the possibility of hysteresis effects that could be 


present in the magnet ramp. 


Our instrument consists of a 200keV hitachi H700H electron microscope with a STEM 


attachment combined with a magnetic sector spectrometer. 


Although certain features of 


our system are specific to this machine, the general principle of the electrostatic de- 


flection plates could be utilized in other instruments. 


OBJECTIVE LENS 


c=» ¥<9 SPECIMEN PLANE 


pre 


INTERMEDIATE LENS 


INTERMEDIATE IMAGE PLANE+ 
“[JANALYZER OBJECT PLANE 


ELECTROSTATIC 


RAMP 


HIGH SPEED 300VOLT 
OPERATIONAL AMPLIFIER 


FIG. 1.--Electron microscope and spectro- 
meter with electrostatic deflection plates. 


Figure 1 shows a schematic dia- 
gram of the electron microscope and spectro- 
meter with the electrostatic plates situated 
after the exit polepiece face of the magnet- 
ic sector. It is found that a potential of 
+150 V applied to the plates, which are 1.8 
cm in length and 7 cm from the slits, and 
are separated by 0.5 cm, offsets the spec- 
trum by about +150 eV of energy loss. A 
commercial high-speed 300V operational amp- 
lifier (Analog Devices 171) is used to drive 
the plates. 


Use of Plates for Alignment 


A nearly flicker-free display of the en- 
ergy loss spectrum is obtained as follows. 

A 1024-channel digital voltage ramp is ap- 
plied to the 300V operational amplifier that 
drives the plates in synchronism with a simi- 
lar voltage applied to the x axis of a dis- 
play oscilloscope. The total scan range can 
be adjusted from 0 to 300 V. The y axis of 
the display is obtained by use of a high 
speed digital ratemeter to count and display 
individual pulses from a scintillator-photo- 
multiplier at each of the 1024 channels. 

In our instrument the spectrometer is 
operated in the STEM mode where the excita- 
tion voltage of the objective lens is high 
but constant and the condenser lens focuses 
the probe on the sample. Only the inter- 
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mediate is used as a postspecimen lens to couple the scattered electrons into the spec- 
trometer; the selected area aperture serves to limit these demagnified angles to about 

1 mrad (or about 10 mrad from the sample). Alignment by means of the deflection plates | 
proceeds as follows. The sample is removed after the STEM conditions have been estab- 
lished and the analyzing slit is closed down so that the intrinsic spectrometer resolu- 
tion may be optimized. A voltage ramp is applied to the plates and the electron inten- 
sity is scanned across the slit. The strength of the intermediate lens is adjusted un- 
til the zero-loss (incident beam) width as observed on the display oscilloscope is mini- 
mum. This setting corresponds to the intermediate lens crossover being in the object 
plane of the spectrometer and is a critical adjustment. The position of the analyzing 
slit in a plane normal to the exit axis of the spectrometer is then varied and the zero- 
loss intensity maximum is brought back to the x-axis center of the display oscilloscope 
by an offset to the magnet excitation. This process is repeated until the zero loss 
width is minimum. After this alignment the analyzing slit width is increased to obtain 
a larger signal until an appropriate resolution is reached. The total spectrometer re-— 
sponse is the convolution of the intrinsic resolution with the slit function; these com- 
ponents add approximately quadratically. 

The deflection plates are also very con- 
venient for observing effects of ac fields. 
Figure 2 shows the zero-loss (direct beam) in- 
tensity as observed on the display oscilloscope. 
The counting time is 17 msec per channel. A 
series of spikes spaced at intervals of 1/60 
sec are evident; they arise from stray ac 
fields in the vicinity of the spectrometer. 

Ac fields are well known to have a deleterious 
effect on the energy resolution (which is in 
this case limited to about 3 eV).!°3 Magnetic 
shielding can be effective in reducing or elim- 
inating these fields. Alternatively, the ef- 
fects of fields may be cancelled if a variable- 
amplitude and phase-correction current is 

passed through the prism windings or other coils 
mounted near the prism for this purpose. 


Seleeted-energy Imaging 


FIG..-2./== 

tensity modulated by ac magnetic We mey carry out energy-selected imaging 
fields in vicinity of spectrometer; by choosing a characteristic signal in a given 
width of peak is about 4 eV. band of the energy loss spectrum and forming 


an image with it. In particular, it has been 

shown that elemental maps can be formed with 
electrons that have given rise to inner shell ionization.*~7? Several difficulties have 
emerged in these experiments. First, a large background intensity usually precedes the 
inner-shell edges arising from excitation of other electrons in the sample. The contrast 
in the image formed from electrons after the edge is therefore generally low. Moreover, 
the spectrum is very thickness-dependent because of plural scattering, and artifacts often 
tend to occur from local fluctuations in thickness. A better procedure is to subtract the 
background intensity I, underlying the edge at each pixel in the image.® The STEM is well 
suited for doing that since the signal can be easily recorded digitally and fed directly 
into a computer for processing.? The procedure for background subtraction is quite well 
established and a power law I}, « E~* can be used where E is the energy loss and r is a 
constant usually lying between 3 and 4 depending on the sample and collection angle. 1° 

Ideally, to observe the spectrum near a given core edge we would wish to use multiple 

detectors.® However, there are practical difficulties with this scheme owing to small de- 
tector separations required for typical spectrometer dispersions of a few microns per 
electron volt. The electrostatic plates offer a convenient method of scanning the spec- 
trum past a core edge. A voltage across the plates can be accurately set and controlled 
by a computer after the edge is first selected by offsetting of the magnetic prism exci- 
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tation. Typically several channels below the edge energy (two or more) at each pixel 
should be selected and a least-squares fit to the power law extrapolation made.® This 
value can then be subtracted from the intensity above the edge measured at one or more 
channels. After the spectrum has been counted at the appropriate channels the computer 
can move the probe to a different pixel and recommence counting. Each channel in the 
spectrum and each pixel is independently addressable. 

We have estimated times required to form a core-loss image with our instrument, which 
is intended for biological work, with neglect of radiation damage or mass loss effects. 
The heated tungsten filament source provides a current J = 10-19 A, measured with a Fara- 
day cup, focused into a probe diameter of 5-10 nm, which defines the pixel size. 

The count rate dN/dE of scattered electrons which have been analyzed by the spectro- 
meter and have lost energy E through core level excitation is given in terms of the cross 
section per unit energy loss do,(a)/dE where a is the maximum scattering angle collected 
from the sample (in our case about 10 mrad), 


dN/dE = Jn ,t[do, (a) /dE] (1) 


Here ny is the number density of atoms of type X in the microarea. Let us consider a 
biological sample of thickness 100 nm which contains mainly carbon with about 10 atomic 
percent of a fluorine tracer. This is the type of sample studied by Costa et al./! in 
work on fluorinated serotonin, where energy-selected images were recorded at the fluorine 
K edge. Putting in a value for the cross section just above threshold (686 eV) for exci- 
tation of the fluorine K shell,!2 dox/dE = 10-9 nm*/eV, we estimate a count rate of 400 
sec-! ev-! from Eq. (1). The signal/background ratio will typically only be a few per 
cent (or less than 1% for smaller concentrations) , so that we are required to count for 
about 1 sec in a leV channel or 0.1 sec in a 10eV channel. To carry out energy-selected 
imaging we therefore need between 1 and 10 sec per pixel. This result suggests that it 
would only be reasonable to image a limited field of, say, 30 x 30 pixels at the most, by 
means of an instrument with a standard tungsten filament source. Larger images could be 
obtained with a brighter field emission source capable of providing about 10 nA of probe 
current. For core edges at lower energies (such as the Lo3 edges of P, Cl, and Ca, which 
are also important elements biologically), cross sections and hence count rates can be 
higher by more than an order of magnitude. Shorter counting times might also be achieved 
if a parallel detection rather than serial detection of the spectrum were employed. Our 
estimates indicate that a useful approach may be to obtain elemental distributions from 
lines in the sample rather than from areas. This approach would take much less time and 
the resulting information might be superposed on a STEM image to give comparable informa- 
tion. 

In conclusion, it is anticipated that electrostatic deflection plates will be useful 
for performing this type of analysis as well as for initial alignment of the spectrometer. 
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Microcharacterization of Semiconductor Materials 


SILICON IMPATT DIODES: A FAILURE ANALYSIS BY ELECTRON PROBE MICROANALYSIS AND SCANNING 
ELECTRON MICROSCOPY 


T. D. Kirkendall and J. C. Hannsen 


COMSAT Laboratories has designed and built an all-solid-state centimeter-wave beacon 
that incorporates impact avalanche transit-time (IMPATT) diodes, which has been success- 
fully operating on COMSTAR domestic communications satellites Dl, D2, and D3.! The pur- 
pose of the beacon experiment is to measure propagation parameters such as attenuation 
and depolarization at 19 and 28 GHz. These frequencies will be used by commercial com- 
munications satellites in the future to augment the crowded bands at 4 and 6 GHz now used 
for virtually all domestic and international satellite communications. Both the 19 and 
28GHz beacon amplifiers were designed with silicon IMPATT diodes. This design represents 
the first nonmilitary use of IMPATT diodes as spaceborne solid-state power amplifiers. 

To qualify the IMPATT diodes for space use, an intensive microanalytical effort was com- 
bined with accelerated life test studies to insure reliability.* Electron probe micro- 
analysis (EPMA) and scanning electron microscopy (SEM) were used (a) to select proper 
chemical etching techniques for the production of the desired edge profile, (b) to char- 
acterize early diode failures due to copper diffusion through the palladium barrier, and 
(c) to identify the source of a carbonaceous contaminant which was causing junction shorts. 
An ARL EMX/SM electron probe was used to obtain all the results reported here, including 
the secondary-electron images. 


Construction and Fatlure Modes 


The IMPATT diode is operated with a reverse~biased p-n junction. Amplification is 
based on the combination of avalanche breakdown and the negative resistance caused by a 
180° phase difference between the applied rf voltage and the current. The time delay in- 
herent in the build-up of the avalanche current and the motion of carriers through the 
drift zone is the cause of the phase shift. Two types of silicon IMPATTs were used in 
the beacon (Fig. 1.) The regular profile of ntnp*on a diamond heat sink? was used at both 
19 and 28 GHz; the complementary profile of ptpn*t on a copper heat sink was used for ap- 
plications at 28 GHz only. 
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FIG. 1.--IMPATT diode cross sections, courtesy of P. Fleming: (a) regular device section, 
(b} complementary device section. 


The authors are with COMSAT Laboratories, Communications Satellite Corp., Box 115, 
Clarksburg, MD 20734. 
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The failure of an IMPATT diode is invariably catastrophic,*+’* Typically there is a 
runaway condition of the high avalanche current which can become localized because of a 
defect in construction or some irregularity in the electric field. A local hot spot can 
develop in the junction causing the silicon to alloy with metals used in the contacts or 
the heat sink. A typical efficiency for a silicon IMPATT is 10%; therefore, 90% of the 
input power is dissipated as heat in a lum-thick region of high field. 

The operating temperature at the junction of these diodes in the beacon application 
is between 135 and 185°C. Therefore, two important considerations in the design and con- 
struction of a reliable IMPATT diode are a heat sink with a low thermal impedance and a 
dense, pinhole-free barrier metal in the contacts to avoid possible diffusion of Au or 
Cu to the semiconductor surface. It is also important to exclude any polar or mobile 
contaminants such as moisture from the IMPATT diode package in order to avoid electrical 
leakage at the perimeter of the Si mesa. By its very nature, the IMPATT operates with 
high surface fields and is one of the few silicon devices which is neither passivated nor 
otherwise protected from the possible deleterious effects of surface contaminants. 


Fatlure Analysts 


At the time it was chosen for use in the centimeter-wave beacon, the IMPATT diode was 
an unproven device in terms of reliability. During the accelerated life tests, few troub- 
les were experienced with the regular profile diodes, which employed the platinum barrier 
layer and Au-plated diamond heat sink. Failures of devices of this design were limited 
to inadvertent voltage spikes and overheating caused by mishandling. Figure 2 shows an ex- 
ample of the resultant Au-Si alloy formation at the perimeter of the Si mesa of a 28GHz 
diode which was voltage/current overstressed. A section of the Pt/Au saucer used to bond 
the diode to the Au-plated diamond heat sink was also consumed in the alloy formation. 

By using a chemical etchant (5 parts HNO3: 20 HAc: 3HF) to dissolve the Si selectively, we 
found that the bulk of the alloy was actually hidden behind the edge of the mesa, i.e., 
in the Si. 


(a) (b) 


FIG. 2,--Example of failure in 28GHz regular profile Si IMPATT: (a). side view of diode 
on diamond heat sink; (b) close-up of failure site. 


Problems with the 28GHz copper-plated heat-sink IMPATTs were varied. Close coopera- 
tion with the manufacturer in the early phases of development resulted in the identifica- 
tion and correction of several shortcomings of materials selection and processing. For 
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instance, it was discovered that the chemicals used to etch through the copper heat sink 
of early diodes had a fixing effect on the dot of photoresist that had been put on each 
diode for protection. The chemically hardened photoresist did not always yield to normal 
cleaning solvents and thus could remain on the diode as a thin, conformal, organic film. 
Separation of the diodes with a scribing technique (rather than by acid etching) elimi- 
nated the need for the troublesome photoresist. 

Another problem involved the metals system used in the contacts. When Au and Cu are 
used in Si device construction, a thin barrier metal is inserted between these metals and 
the silicon to retard diffusion. Palladium was originally chosen for the barrier in the 
diodes made with Au-plated Cu heat sink. The adequacy of Pd as a barrier was tested by 
a simple screening test: the diode was exposed at the wafer or chip stage to forming gas 
at 450°C for l hr. Use of a test temperature above the Au-Si eutectic melting point 
(370°C) makes it possible to judge the comparative effectiveness of chip processing and 
metallization. Diodes made with palladium and with platinum barriers were tested, but 
only those with platinum (4000 A thick) survived the test. SEM and electron probe anal- 
ysis of the shorted palladium barrier diodes showed extensive penetration of the barrier 
by a resultant alloy product containing silicon, copper, and gold. All diodes selected 
for the beacon program were therefore made with platinum barriers. 

The most difficult problem with failures of the IMPATTs was the inexplicable occur- 
rence of alloy spikes in carefully handled diodes after hundreds of hours of operation. 
Two kinds of alloy spikes were observed: a stitch-like bridge of metal at the perimeter 
of the Si mesa, and a bulk spike completely out of sight within the Si. ‘The stitch fail- 
ure (Fig. 3) appears to have punctured holes at each end in the p and n” regions of the 
Silicon. Also, with the top metal contact removed from the Dp” Silicon, one can see ad- 
ditional alloy material which has erupted at the top of the mesa. By selective etching 
away of the silicon, a bulk spike about 1 wm in diameter was discovered hidden just in- 
Side the edge of the mesa. 


(a) 


FIG. 3,--Stitch-type failure in 28GHz complementary profile Si IMPATT: (a) top view of 
diode on Cu heat sink, (b) close-up of failure site seen at 1 o'clock position in (a). 


An example of this bulk-spike failure mode is shown in Fig. 4. The columnar struc- 
ture consists of an Au-Si alloy which was observed only after etching away of all the 
Si. The alloy joins the top and bottom contacts and seems to replicate, in frozen form, 
the path and shape of the high-current spike that caused it. 

The evidence of IMPATT failure is sometimes less obvious and the cause is not so 
clear. The only abnormal feature on one failed diode was the presence of a very thin 
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(few hundred angstroms thick) disk of copper on the top of the Si mesa. This artifact 
became visible after the top metal contact was removed. The significance of the Cu disk 
was revealed only after the removal of the silicon by reactive-plasma etching with CF, 
gas. The thin copper disk was joined to the heat sink by several thin Cu filaments. Be- 
neath this artifact, there had been a breach of the platinum barrier on the heat sink; 
this hole was attributed to a defect in plating (Fig. 5). This diode, one of those orig- 
inally qualified for flight, had been operated for 580 hr at Tj = 180°C before failure oc- 
curred. 


(b) 


FIG. 4.--Bulk-spike failure in 28GHz complementary profile Si IMPATT: (a) side view after 
chemical etching away of Si, (b) close-up BSE of Au-Si spike. 


The final example of the microanalysis of IMPATT diode failure mechanisms is selected 
to show the importance of avoiding surface contamination of the junction of an unpassi- 
vated device such as the IMPATT. Several premature and unexplained diode failures were 
pinpointed during this program as the result of a surface contamination by a small amount 
of an organic material inadvertently trapped in the devices during fabrication. The plat- 
ing bath used to fabricate the Cu heat sink incorporated a proprietary organic brightening 
agent; a small amount of this organic complex was entrained in the plated Cu and thus 
sealed into the package as part of the diode. During diode operation certain products of 
the organic complex containing C, 0, and S were slowly released from the Cu. The residue 
of this organic material appeared as a film a few hundred Angstroms thick on the perime- 
ter of the junction of the diode. 

The mesa of a contaminated diode with the top contact removed is shown in the SE, Si, 
C, and O x-ray images of Fig. 6. The contaminant has an affinity for silicon and shows 
higher concentrations there than on the platinum layer associated with the heat sink. Be- 
cause it had been protected by the original plated contact, the top of the Si mesa is rel- 
atively free of the carbonaceous material. On the p region (the annular dark ring in Fig. 
6), there was less residue. This feature was typical of contaminated diodes and could be 
attributed to a lower sticking coefficient for the organic agent on p-doped Si owing to 
higher local temperature or to an unattractive surface potential. The identification of 
the residue and the location of its source led to a stringent test for electrical leakage 
under reverse bias, a test that was used for the selection of diodes free of contaminant 
effects. 
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Coneluston 


Three 19 and 28GHz beacon transmitters were built with a total of 24 Si IMPATT diodes. 
During the qualification phase of the program, which included accelerated life tests at 
junction temperatures of 300-370°C, EPMA/SEM techniques were used to characterize the 
failure of more than 40 diodes. The failure analysis results were effectively used to 
improve construction and testing methods. The original requirements of the mission dic- 
tated a mean time to failure for the IMPATTs of 4 x 10° hr (46 yr); however, the results 
of accelerated life tests on screened and burned-in devices show a projected life of more 
than 1 x 107 hr (over 1100 yr).2 The first beacon was launched in May 1976 followed by 
one each in July 1976 and June 1978. There have been no failures of the 24 IMPATTs as of 
January 1980 after an accumulated life of 53 300 hr or a total of 1.3 x 10® device hours. 
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RAMAN , PHOTOLUMINESCENCE, AND CATHODOLUMINESCENCE APPLIED TO MICROCHARACTERIZATION 
OF S/C DEVICE MATERIALS 


J. N. Ramsey 


As miniaturization has proceeded in the semiconductor industry, it has been necessary to 
push analytical techniques to provide analysis and characterization information from pro- 
gressively smaller analytical volumes in smaller (trace) quantities. Many small-area and 
shallow-depth techniques are used. (Examples were covered in the workshop session.) Some 
materials can still be difficult: boron carbide, boron nitride, lithium fluoride, etc., 
would be difficult for small-area analysis by electron microprobe because the x-ray emis- 
sion wavelengths are so long. Optical spectroscopic techniques with a small beam are 

thus very attractive. At present the techniques are laser-through-a-microscope and e-beam 
excitation with either Raman scattering or luminescence as output. Raman scattering is 
related to the vibrational modes of the molecule as seen in infrared and thus "sees" mo- 
lecular structure. Luminescence, in the sense used in the paper, occurs in ionic materials 
as the loss of energy of an electron in dropping to lower energy levels is transformed in- 
to radiant energy. Thus luminescence ''sees'' the electron band gap, trap, and defect ener- 
gies, which are related to crystal structure, lattice parameter, temperature, stress, im- 
purities, damage, etc. The Raman and photoluminescence (PL) in this paper has been done 
on a comparatively new instrument, the Molecular Optical Laser Examiner (MOLE) manufac- 
tured by Jobin Yvon of France and distributed by Instruments SA, Metuchen, N.J. This in- 
strument has a lateral resolution of 1-2 um and has been described in the literature. ! 
(Small-area Raman was the subject of a symposium at the 1979 MAS meeting in San Antonio, 
Tex.) The cathodoluminescence (CL) has been done on an ARL Electron Microprobe, follow- 
ing Knisely, Laabs and Faisel,* and the results have previously been reported.3?* Usually, 
the lateral resolution is 3-5 um. 


Boron Nttrtde 


Figure 1 shows the Raman spectra of a six 9's, hot-pressed disk of boron nitride. The 
primary peak at 1365 cm! agrees with the 1370cm-! peak in the literature? (which is the 
only peak mentioned). Figures 2 and 3 show PL and CL, respectively; the CL spectra are 
of two different areas on the specimen. Although this BN is not likely to have local var- 
jations, it gives a fingerprint capability in about 1 wm (Raman and PL) to 5 mm (CL) to 
allow small-area characterization. 


Raman Spectra with Argon 
Green (19436 Recip. cm) 1365 Boron Nitride Disk esa eiiae 


(Six 9's Purity) (Six 9's) 


Boron Nitride Disk 
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Photoluminescence Spectrum 
Argon Blue (487.9 nm) 
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FIG. 1.--Boron nitride disk: FIG. 2.--Boron nitride disk: FIG, 3.--Boron nitride disk: 
Raman spectrum with argon green Photoluminescence spectrum Cathodoluminescence at 6 kV, 
(19 436 cm-/). with argon blue (487.9 nm). 3 x 10-8 A, and 1 x 10® eps. 
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Magnesium Oxtde 


MgO crystalline source material for evaporated films has been examined by the three 
techniques mentioned. Figure 4 shows the Raman spectrum, which is weak and has only 
broad peaks at about 470, 550, 630, and 1175 em! none of which agrees with Ross.° 

Figure 5 shows the sample to have a sharp impurity luminescence at 697 nm by photo- 
luminescence using the argon blue laser line. Optical emission analysis showed 10 ppm 
Cr and 50 ppm Fe as the only transition elements present. There is extensive literature 
showing that Cr is responsible for the peak at about 700 nm,® and for a broad band about 
800 nm,’ and higher.® Figure 6 shows the cathodoluminescence spectra of the MgO material 
and the broad band between 700 and 800 nm is probably due to the Cr, or 0*7 interstitials. 
The other emission peaks are ~180 nm from the band gap!°, the 420-440 nm peak from Mg? 
interstitials? and possibly point defects due to oxygen vacancies,!! and the ~500 nm peak 
probably due to the Fe**, which causes an absorption peak at 469 nm.12 (By the Stokes 
Rule of fluorescence the absorbing wavelength is smaller than the emitting wavelength.) 
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with argon blue (20 492 cm7!), spectrum with argon blue luminescence at 6 kV, 2 
(487.9 nm). x 1077 A, and 3 x 10% cps. 


Alpha and Mu Cordiertte 


Alpha and Mu cordierites are magnesium aluminum silicate crystalline phases which can 
precipitate from various complex ceramic or mineral systems. Although the cordierites 
are listed as having identical composition, they have different crystal structures ac- 
cording to the ASTM cards. As the crystals are usually smaller than x-ray spatial resolu- 
tions (even with the 10 um measured with a Rigaku Denki Microdiffractometer) and their com- 
positions would not be differentiated by an electron probe microanalyzer, another small- 
area characterization technique would be helpful. Figure 7 shows the Raman spectra of 
both a and uy cordierite: the a has several peaks, with one at 565 cm7! predominating, 
whereas the p shows no real peaks,+3 with just hints at 185 cm™!, 200 cm™!, and something 
around 350 cm-! even though the gain and noise level are comparable. Thus, marked differ- 
ences exist between the two phases. Figure 8 shows the photoluminescence for both o and 
u cordierite. The main feature in PL is a sharp doublet at 694-695 nm, which looks like 
an impurity level similar to the Cr3* in Al,03. Optical emission showed about 2000 ppm 
Fe, There are variations in the smaller peaks between a and u, with the most prominent 
being the 686-688nm peak in the a: the variations would allow identification and mapping 
of a vs u crystallites larger than 1-2 um. Figure 9 shows the cathodoluminescence, and 
the poorer resolution CL spectra do not reveal differences between a and yp but do reveal 
the impurity luminescence rising out of the broad CL peaks. 


Zine Sulfide 


Figure 10 shows the Raman spectrum of a chemical-vapor-deposited (CVD) sample of zinc 
sulfide. The dominant peak, 349 cm7!, is the Longitudinal Opticall'; the 272 cm? peak 
is the Transverse Optical.!* The remainder of the peaks (all Raman and not photolumines- 
cence) have not yet been accounted for. Figure 1] shows the cathodoluminescence spectra 
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of two locations of the specimen in which the band gap (~325 nm) and, probably, an im- 
purity luminescence (~660 nm) are seen clearly in one location but not the other: thus 
local inhomogeneities on a 3-5yum level can be located for further analysis. Careful map- 
ping by cathodoluminescence should allow study by photoluminescence with its higher reso- 
lution. 

The application of these techniques to thin ZnS films will be given elsewhere.?° 
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FIG. 10.--Zine sulfide (CVD): Raman spectrum with FIG, 11.--Zine sulfide (CVD): Cathodo- 
argon blue (20 492 cm7+). luminescence spectra at 6 kV, 2 x 1077 A, 
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Coneluston 


Raman, photoluminescence, and cathodoluminescence provide complementary small-area 
analytical techniques that can offer unique capabilities in some materials. In addition, 
though previously mentioned, Raman provides unique organic small-area analysis because no 
other technique exists. 
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TRACE-LEVEL MICROANALYSIS OF CARBON AND OXYGEN IN ELECTRONIC MATERIALS BY Cs 
BOMBARDMENT SIMS 


V. R. Deline, R. J. Blattner, and C. A. Evans Jr. 


This paper discusses the use of Cs* ion bombardment for the analysis of C and O in semi- 
conductor materials. With ion-~implanted standards, the residual vacuum is shown to limit 
the analysis to the 4-6ppm-at. regime in silicon and 0.2-2 ppm-at. in GaAs. The use of 
the SIMS technique for the analysis of C and O is demonstrated by the analysis of amor- 
phous SiH, layers typical of those being studied for photovoltaic solar-cell applications. 

The trace microanalysis of gaseous or interstitial impurities, particularly C and 0, 
is difficult because analytical techniques with good elemental specificity tend to have 
poor sensitivity at trace levels, whereas techniques with good sensitivity suffer from 
the ubiquitous occurrence of these elements, i.e., contamination during the analysis. 
Unintentional incorporation of these elements during materials preparation also makes 
these impurity elements important in the context of contemporary materials science, e.g., 
thin-film phenomena, epitaxy, interfaces, etc. Consequently, the analytical process must 
be carefully examined with regard to 


1. extraneous contamination of the material between the time of preparation and 
sample introduction into the analytical system; 

2. indirect contamination during analysis from the ambient environment of the sample, 
which is typically either a blanket of inert gas or vacuum; and 

3. direct sample contamination in ion-beam analytical systems (such as secondary ion 
mass spectrometry) via impurities in the probing beam itself. 


Secondary ion mass spectrometry (SIMS) is the most sensitive of the modern surface 
analysis techniques, but is susceptible to all three forms of contamination mentioned 
above: sample handling, adsorption from the residual vacuum, and implantation by the pri- 
mary beam. 

The intrinsic sensitivity of SIMS arises from three sources. First, if we consider 
a typical analytical volume composed of an analyzed area of 100 x 100 um at a sputtering 
rate of 10 A/sec, the number of atoms sputtered in 1 sec is about 5 x 10/4. If an im- 
purity is present at the lppm level, then 5 x 10° atoms of that trace element are sput- 
tered every second and constitute a potentially large number of atoms for the generation 
of an analytical signal. Thus, the converston of those atoms into positive and negative 
ions, as well as the collection and transmisston of the ions in a mass spectrometer, be- 
comes central to realizing the potential of SIMS for trace analysis at the microanalyti- 
cal level. The realization of high secondary-ion yields (positive or negative ions) re- 
quires the use of oxygen and cesium ion bombardment, respectively.1’% Only by use of 
these reactive species can ion yields of 107! to 10-" be routinely obtained and 5 x 10% 
to 50 secondary ions per second produced for a lppm impurity. These secondary ions are 
ejected from the surface over a wide angle of emission and with a large initial kinetic 
energy, which requires specialized ion optics for efficient collection and analysis of 
the ions with transmissions of 1-10% and so allows the detection of 10° ions for an ele- 
ment at the ppm level. This is indeed the case for C and O if Cs* ion bombardment/nega- 
tive-ion spectroscopy is used, but as with most techniques, it is plagued by the unin- 
tentional introduction of these elements during the analysis from sources other than the 
sample. Thus, detection limits are not in general a function of signal availability, but 
rather are controlled by "backgrounds" resulting from the various external sources of C 
and 0. Most important among these sources is incorporation from the residual vacuum. 

Three important factors must be considered in assessing the impact of vacuum on a 
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given analysis: (a) the partial pressures of active species in the residual gas (carbon 
and oxygen containing for our purposes), (b) the sticking probabilities of those species 
on the sample, and (c) the attainable sputtering rate. If we assume that a monolayer 

of a species forms in 1 sec when that species is present in the residual vacuum at 1 x 
10-© Torr, then with a unit sticking probability, we can calculate the fraction of ana- 
lytical signal arising from the residual vacuum during a SIMS analysis. For either car- 
bon or oxygen, 0.1 monolayer will form in 1 sec if the sticking probability is 0.1. If 
the partial pressure of the active species is 10-9 Torr, the corresponding coverage is 
10-* monolayer/sec. Therefore, if we employ a sputtering rate of 10 monolayers/sec (ap- 
proximately 30 A/sec or nearly 0.2 um/min), then we can expect a contribution of that 
atom from the residual vacuum of approximately 10 ppm equivalent concentration. It is 
perhaps fortuitous that the negative-ion spectroscopy needed to realize high secondary- 
ion yields for C and O also requires the use of Cs ion bombardment, which allows the use 
of sputtering rates concomitant with the above assumptions. The purpose of this study is 
to evaluate the possibility of obtaining ppm (or better) detection limits for C and 0 in 
semiconductor materials such as Si or GaAs. 


Expertmental 


The samples used to evaluate sensitivity and background were either ion-implanted 
GaAs or Si, which provide a known concentration at the peak of the ion implant and per- 
mit a determination of background levels where C and O were known a priori not to be pre- 
sent at the levels detected. Float-zone Si was used with expected oxygen concentrations 
in the 10!5at.cm7? region and C in the 10!®at.cm-3 region.? Several thin films were pre- 
pared in order to demonstrate the depth profiling capabilities of the SIMS technique for 
C and O incorporated during materials preparation. One difficulty encountered in this 
study concerned obtaining samples with a known amount of the species of interest. How- 
ever, it was possible to obtain some information based on literature values, solubility, 
and other work. 

The instrument used for this study was the CAMECA IMS-3f£ ion microanalyzer,* equipped 
with a General Ionex Model 133 Cesium Ion Source.° The sample-chamber vacuum system has 
been modified by the replacement of the turbomolecular pump, supplied with the basic in- 
strument, with a vacuum "'T'' accomodating a recirculating He refrigerator with dual cryo- 
panels and a 20L/sec ion pump. Samples for the evaluation were mounted in the instrument 
vacuum system followed by a bake of the sample chamber at approximately 80°C for an ex- 
tended period. 


Results 


Figure l(a) shows the depth profile for a 100keV, 1 x 10!%at.cm™? oxy gen implant in- 
to float-zone Si. The peak concentration can be calculated to be 4 x 102%at.cm7? from 
which a background level of 3 x 10!’at.cm-? can be determined. Figure 1(b) shows a simi- 
lar profile for a C implant made at 100 keV to a dose of 1 x 101% at.cm7* producing a peak 
concentration of 7 x 102%at.cm-? and a background of 2 x 10!’at.cm-3. Similar profiles 
were obtained for H and N, which provided background limits of approximately 8 and 10 
ppm, DoS pectaN ey. Comparable studies in GaAs produced backgrounds of 1 x 10!’at.cm7? 
for O and 1 x 10/%at.cm-3 for C. Although the exact C and O content of this particular 
GaAs sample was not known, various materials prepared by different growth techniques 

were examined, each of which should produce differing amounts of residual C and O contam- 
ination. No variations in observed background levels could be detected, regardless of 
how the GaAs was grown. Examination of MBE, VPE, and LPE layers did reveal higher C and 
O levels in the epitaxial layer than in the bulk GaAs substrates, which indicates con- 
tamination during layer growth. 

A comparison of the background levels obtained for the Si and GaAs samples provides 
information on both the samples and the analytical technique itself. Somewhat surprising 
is the fact that the O background is identical in both Si and GaAs. These materials are 
known to have an oxygen concentration almost an order of magnitude lower than was found 
for the analytical background. Thus, the oxygen introduced by the analysis is most likely 
coming from the residual vacuum. For a constant sputtering rate and at the same vacuum 
level, both materials gave the same background during the two different analyses, so that 
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FIG. 1.--(a) Depth profile of oxygen ion implant into float-zone silicon from Cs* ion- 
bombardment/negative-ion spectroscopy on the CAMECA IMS-3f ion microanalyzer at sample 
chamber pressure of about 2 x 1078 Torr; (b) the same for sample with carbon implant. 


one may assume that under these experimental conditions, the sticking coefficient of 
oxygen from the active oxygen-bearing species must be nominally the same for both Si and 
GaAs. This result is rather surprising, since studies of oxygen ion emission as a func- 
tion of partial pressure of 0» suggest that oxyeey does not stick to clean GaAs surfaces 
until the partial pressure is above 10-° Torr.’?!9*11 However, these referenced studies 
ali employed Ar* ion bombardment. Our results then suggest that the "stickiness" of the 
surface is controlled not by the substrate material, but by the presence of Cs in and 
around the near-surface region of the sample. Therefore, oxygen-bearing species can ad- 
sorb onto the Cs atom sites and so yield a background somewhat independent of the intrin- 
Sic properties of the material. The situation for carbon seems to differ in that the C 
background for GaAs is much lower than that for the float-zone Si (1 x 1026 vs 2 x 10!7 
at.cm-3), Based on the above discussion, this finding would suggest that the partial 
pressure of carbon-bearing species in the residual vacuum is such that the vacuum con- 
tribution to the background is below 1016, and thus the measured carbon signal of 10!7 
at.cm”? for silicon is probably real. 

Figure 3 illustrates how these established background levels (and hence detection 
limits) for carbon and oxygen can be used to determine the presence of these impurities 
in a contamination situation. The figure shows a multi-element depth profile for a bi- 
layer of SiH, on a stainless-steel substrate. This type of structure is typical of ma- 
terials being developed for low-cost solar-cell applications.!* The amorphous silicon 
is deposited from silane in the presence of Hy by reaction in a glow discharge. The role 
of hydrogen is to stabilize the amorphous state by saturating ''dangling bonds" in the ma- 
terial. Since epitaxy is not required, the layers can be deposited on low-cost substrates. 
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This profile shows that deposition of the 
two layers containing differing amounts of hy- 
drogen and phosphorus also contain differing 
amounts of carbon and oxygen. The changes in 
-o-o- Si the deposition conditions from the phosphorus - 
0 H doped to the undoped layer also causes changes 
a 0 in the incorporation rate of C and 0. It is 
ee €C interesting to note that these deposition 
tel changes cause the carbon content to increase 
but they decrease the amount of oxygen incor- 
poration. 
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Conelustons 


This study has shown that carbon and oxygen 
detection limits in the low 10!’at.-cm ? range 
in Si and GaAs can be obtained with the CAMECA 
IMS-3£ ion microanalyzer by Cs* ion bombardment. 
The major limitation in the analysis is not 
Signal availability, but background levels re- 
lated to the residual vacuum of the instrument. 
Furthermore, under Cs ion bombardment, it ap- 
pears that the presence of Cs dominates the be- 
havior of the sticking probability, which gives 
rise to backgrounds somewhat independent of ma- 
trix material. Finally, based on measured sig- 
nal levels, signal-limited detectabilities of 
the order of 1-10 ppb should be obtainable if 
vacua in the range of 10-!4-10-!3 Torr could 
be achieved in the instrument. 
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FIG. 2.--Depth profile of amorphous SiH, 
bilayer on stainless steel (taken under 
experimental conditions similar to those 
used for Fig. 1), which shows incorpor- 
porated carbon and oxygen contamination 


during film deposition and phosphorus Re ferences 
doping profile taken at high mass-re- 1. H. A. Storms, J. D. Stein, and K. F. 
solving power. Brown, Anal, Chem. 40: 1399, 1977, 
2. P. Williams et al., Anal. Chem. 49: 
1399, 1977. 

3. H. M. Kiaw, Semtconduetor International 2(No. 8): 71-82, 1979. 

4, CAMECA Instruments Inc., Stamford, Conn, 

5. General Ionex Corp., Newburyport, Mass. 

6. R. Wilson, Hughes Research Laboratories, Malibu, Calif., private communication. 

7. (C. Magee, RCA Laboratories, Princeton, N.J.,private communication. 

8. 


T. Magee, Advanced Research and Applications Corp., Sunnyvale, Calif., private 
communication. 

9. R. Reynolds, Defense Advanced Research and Projects Agency, Washington, D.C., 
private communication. 

10. K. Wittmack, in Inelastic Ion-surface Collisions, New York: Academic Press, 1977, 
153-199. 

ll, A. M. Huber et al., J. Appl. Phys. 50: 4022, 1979. 

12. D. E. Carlson, Proce, Photovoltaics Advanced R & D Annual Rev. Mtg., Denver, Colo., 
1979, 113-119. 


242 


David B. Wittry, Ed., Microbeam Analysis — 1980 
Copyright © 1980 by San Francisco Press, Inc., 547 Howard St., San Francisco, CA 94105 


CHARACTERIZATION AND ORIGIN OF MICROCRACKS IN A SEMICONDUCTOR PASSIVATION GLASS 


H. A. Freeman and K. W. Michael 


Examination of defective integrated circuits encapsulated with molding compound was part 
of a cooperative effort to assist manufacturers of electronic devices in defining the 
cause of device failures. Concurrent with the more widespread use of the scanning elec- 
tron microprobe (SEMP) in semiconductor failure analysis, a Cameca MBX instrument was 
employed to expand upon information obtained by optical microscopy.! This particular 
study was originally started to investigate a suspected corrosion mechanism of failure 

in devices encapsulated with molding compound. Such modes of failure have been described, 
particularly as they are produced by moisture and bias testing.2 In this instance, there 
was no evidence of a corrosion type of failure. However, the study did define cracks in 
the passivation glass which were responsible for electrical failure in the test environ- 
ment. It was also established that the cracks formed during fabrication of the device 
prior to etching of windows for the wire-bonding step. 

The devices were Metal Oxide Semiconductors (MOS) used in the construction of compu- 
ter circuitry. The devices were protected with a layer of passivation glass approxi- 
mately 1 um thick. Initial studies were made on devices encapsulated with two types of 
Dow Corning molding compounds. Standard transfer molding and cure schedules were em- 
ployed. Devices from the same wafer lot, available in ceramic packages, were also opened 
and examined. The encapsulated devices failed after exposure to autoclave conditions of 
96 hr at 121°C and 15 psig steam. 


Chtp Preparatton 


The devices were mechanically exposed for observation by a process of drilling around 
the periphery of the chip and gently lifting off the molding compound. Previous experi- 
ence with this type of study had demonstrated the inadvisability of using solvents or 
acids to expose the chip since substantial modification of the surface may result. Mech- 
anical extraction of the chip was followed by application of an evaporated film of carbon, 
about 200A thick, to the surface. The coating was essential to enhance surface detail 
during initial optical microscopical studies of the passivation glass by Nomarski inter- 
ference contrast techniques. The carbon also provided better secondary electron image 
generation and minimized charging in the SEMP. 


Results 


The optical Nomarski examination technique revealed a random network of numerous in- 
tersecting fractures across the entire surface of the passivation glass... Further examina- 
tion with the secondary electron mode of imaging in the SEMP readily defined these cracks 
at higher magnification. The morphology was accentuated by Y-deflection image processing 
(Figs. 1 and 2). Since the cracks were well developed on the integrated circuits from 
the ceramic packages as well as on those from both molding compound compositions, it be- 
came evident that the molding compound was not responsible for these defects. A further 
explanation of the origin of the cracks was sought. 

Continued examination of the cracks in the SEMP revealed that they abruptly changed 
to shallow U-shaped channels within the windows of the bonding pads and aluminized test 
Sites (Fig. 3}. The channels were uniformly about 4 um wide and substantially less than 
Il um deep. The cracks were found to be continuous with these channels, often completely 
crossing the aluminization and appearing again as cracks within the glass on the other 
side. Similar channels were found on bonding pads of the integrated circuit from the 
ceramic package (Fig. 4). Centrally located within each channel also appeared a crack 
which was continuous with that in the passivation glass at each end of the channel (Fig. 
D's 


The authors are with the Dow Corning Corporation in Midland, MI 48640. 
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FIG, 1.--Microcracks in semiconductor FIG, 2.--Microcracks related to topogra- 


passivation glass. Secondary-electron phic configuration of semiconductor sur- 
image, Y deflection. face. Secondary-electron image, Y deflec- 
tion. 


FIG. 3.--Etch channels developed in test 

site areas. Secondary-electron image. integrated circuit from ceramic package. 
Microcracks, as at arrows, continue across 
passivation glass. Secondary-electron 
image. 


annels on bonding pad of 


Mechanical separation of molding compound from the chip often caused the gold wire 
bonds to be pulled free of the integrated circuit. Examination of these bond areas in 
the SEMP showed that the channels progressed under the wire bonds. Intersecting bands 
of remnant gold alloy were visible as fillings of the shallow channels in the aluminum 
substrate (Fig. 6). . Energy-dispersive x-ray analysis in the SEMP of these channel fill- 
ings verified the alloy composition. 


Interpretation 


The microscopical findings were significant since they unequivocally related the chan- 
nels on exposed aluminization with cracks in the passivation glass. Moreover, the 
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FIG. 5.--Microcrack in passivation glass, FIG. 6.--Branched gold alloy occupying 


at arrow, is continuous with medial crack etch channels within confines of wire 
in etch channel at margin of bonding pad. bond area. Note continuation of channels 
Secondary-electron image, Y deflection. across adjacent aluminization. Secondary- 


electron image. 


branched gold-filled channels that were beneath the wire bonds showed that the channels 
had formed before emplacement of the bonds. The morphology suggested that the cracks 
developed upon cooling of the passivation glass following its application. In the sub- 
sequent etchant step, acid penetrated the cracks over the bonding pads and test sites, 
causing attack of the aluminization and formation of U-shaped channels. Aluminization 
under ‘cracks in other parts of the circuitry was protected from attack by the overlying 
photoresist resin. Complete dissolution of glass over the bonding pads left channels in 
the aluminization that became filled with gold in the subsequent wire bonding step. 
Failure of the encapsulated devices during autoclave testing was attributed to water 
vapor penetrating the cracks in the passivation which changed operating characteristics 
of the devices. The findings from this study made possible a better understanding of 
these defects and assisted in the manufacturer's efforts to correct the problem. 
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Biological Applications of Microanalysis 
ELECTRON MICROPROBE ANALYSIS OF ELECTROLYTES IN EPITHELIAL TISSUES 
Roger Rick, Adolf Dorge, F. X. Beck, June Mason, and Klaus Thurau 


During recent years an increasing number of laboratories have employed electron micro- 
probe analysis for biological specimen such as fluid samples, isolated cells, biologi- 

cal hard and soft tissues. This paper is confined to the analysis of diffusable elements 
in epithelial tissues on a cellular and subcellular scale. The limitations of the method, 
which result mainly from problems of specimen preparation, irradiation damage, and quan- 
titation, are discussed and analyses of the intraepithelial electrolyte concentrations 

in frog skin and rat kidney are reported. 


EDS Analysts of Thtn Freeze-dried Cryosections 


We prepared lum-thick freeze-dried cryosections by shock-freezing small pieces of 
fresh tissue in propane or isopentane/propane mixtures at -190°C, cryosectioning at -100°C 
in a cryoultramicrotome (Reichert), and afterwards freeze-drying at 107° Torr and -80°C. 
The analysis of the sections was performed in a scanning electron microscope (Cambridge) 
to which an energy-dispersive x-ray detector (Link) had been attached. The acceleration 
voltage was 17 kV and the probe current was 0.2-0.5 nA. Quantification of the cellular 
electrolyte concentration in mmole/kg wet weight was achieved by direct comparison of the 
characteristic x-ray peaks in the cell with those of an internal albumin standard. The 
discrimination between characteristic radiations and background was performed with the 
aid of a computer program. Details of the method have been described earlier.!~9 

It is generally accepted that ‘physical fixation' by rapid freezing of the tissue is 
the only way to keep readily diffusible elements such as Na, K, and Ca in place. How- 
ever, owing to ice crystal formation during freezing inevitably some dislocations of elec- 
trolytes and distortions of the tissue structure occur. Under optimal freezing condi- 
tions, measurements on a cellular scale can be performed in a region extending up to 50 
um from the freezing surface. 

The attainable spatial resolution power of electron microprobe analysis is mainly a 
function of section thickness and acceleration voltage. In lum-thick sections at 17 kV 
a lateral resolution of 0.5 um was obtained for diffusable elements such as Na and kK. In 
principle, an improvement of the spatial resolution power can be expected from the use of 
even thinner sections. 

The use of freeze-dried sections offers the advantage that the specimen can be ana- 
lyzed and stored at room temperature. Furthermore, compared to analysis in the frozen- 
hydrated state, freeze-dried tissue sections allow a much better electron optical visual- 
ization and, since almost 80% of the mass is removed during drying, a much better signal- 
to-noise ratio in the x-ray analysis can be achieved. On the other hand, freeze-drying 
may lead to some shrinkage of biological soft tissues; and in extracellular tissue com- 
partments that contain almost no biological matrix, such as the lumen of kidney tubules, 
the electrolytes may be dislocated during drying. 

Electron microprobe analysis of biological specimen is complicated by the sensitivity 
of organic materials to electron bombardement. At current densities used in the present 
study (0.2-0.5 nA/ym*), mass loss during irradiation appears to affect only constituents 
of the biological matrix, whereas electrolytes such as Na, Cl, and K are stable. Further- 
more, the formation of a contamination layer at the site of analysis is negligibly small. 

The current dose administered to the specimen can be drastically reduced by the use 
of an energy-dispersive x-ray detector (EDS) owing to its high detection sensitivity. At 
30mm surface area of the detector and 7mm distance between detector and specimen, a sol- 
id angle of 0.6 steradian, equal to a detection efficiency of almost 5%, was obtained. 
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On the other hand, owing to the low peak-to-background ratios of an energy-dispersive 
system and the low x-ray yield obtained from a thin biological specimen, all extrane- 
ous radiations must be carefully eliminated. This goal can be achieved if the section 
is supported only by a thin collodion film, with a specimen stage of low background 
properties and shielding of the detector against stray radiations. At 17kV acceleration 
voltage only about 10% of the Bremsstrahlung does not originate from the specimen itself 
and no extraneous signals were detected for the characteristic radiations of Na, P, S, 
and K.* At higher acceleration voltages, the contribution of spurious signals is more 
pronounced, since the x-ray yield of the section decreases and the excitation of solid 
parts of the specimen chamber increases. Furthermore, the high-energy electrons can 
penetrate the Be-entrance window of the detector. Figure 1 demonstrates that for most 
biologically relevant elements optimal peak-to-background ratios (P/B) are obtained in 
the range of acceleration voltage between 15 and 23 kV. 


P/B 


* 
FIG. 1.--Peak to back- ~ 
ground ratios (P/B) 
for Na, Cl, K, S, and 
P as function of ac- 
celeration voltage Ej). 


0 10 20 £,(KeV) 30 


The use of thin sections greatly simplifies the quantification, since x-ray absorp- 
tion, secondary fluorescence, and deceleration of the electrons within the specimen can 
be neglected. Thus, under constant experimental conditions the recorded x-ray intensi- 
ties depend only on the respective element concentration. For all elements from Na 
trough Ca linear calibration curves were obtained in the full biologically relevant con- 
centration range. Quantification of the cellular element concentration is achieved by 
comparison of the element characteristic peaks in the cells with those of an internal 
standard. The albumin standard layer is produced by immersion of the specimen immedi - 
ately prior to shock-freezing in a solution of known element composition containing 20% 
bovine albumin. The evaluation of the EDS spectra is performed by means of a computer 
program. In a single measurement, peaks corresponding to 0.4 mmole/kg w.w. of K or 2 
mmole/kg w.w. of Na can be detected. 


Electrolyte Concentrations tn Frog Skin and Rat Kidney Epitheltal Cells 


Table 1 lists the cellular concentrations of Na and K in frog skin epithelium ob- 
tained by this method with those obtained by chemical analysis. Compared to chemical 
or radiochemical analysis of whole skin or isolated epithelium, the present values for 
Na are much lower and those for K are much higher. On the other hand, the electron mi- 
croprobe analysis is in good agreement with chemical analysis of isolated epithelial 
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cells, which have been jet-washed in Na-free solutions in order to reduce the amount of 

adherent extracellular Na. The discrepancy between chemical and electron microprobe data 

can be attributed to an underestimation of the extracellular space in the chemical anal- 
<< 5 

ysis. 


TABLE 1.--Cellular Na and K concentrations of frog skin epithelium. a = Rick et al.°; 
b = Nagel and Dérge®; c = Aceves and Erlij’; d = Zylber et al.® 


Na K 
mmole/kg wet weight 


electron microprobe analysis® 9.4 118.4 


chemical analysis 


- whole skin? 82.7 54.9 
- isolated epithelium® 20.6 110.7 
- isolated epithelial cells¢ 12.1 109.1 
Control DNP 50 % DNP 70 % DP ghy 7 P8ro4-5-Ne ane 


K concentrations 
in the several 
epithelial lay- 
ers of frog skin 
in control and 
when short-cir- 
cuit current was 
reduced by 50%, 70% 
or 95% following 
application of 
10-"M 2-4-dini- 
trophenol (DNP). 
GR = granular 
layer; SP1, SP2 = 
superficial and 
deeper spiny 
layer; GE = ger- 
minal layers; un- 
der DNP 95% the 
granular layer 
was found to be 
transformed into 
ic spt sp? ge tight cells (LC). 


mmole/kg w.w. 


No significant differences were detected between nuclear and cytoplasmic concentra- 
tions of Na and K. Figure 2 shows the Na and K concentrations of granular, superficial, 
and deeper spiny and germinal cells that form the several living epithelial cell layers 
of the frog skin epithelium. Under control conditions--both sides of the skin bathed in 
normal frog Ringer's solution, transepithelial potential difference short-circuited--the 
Na concentration in all layers is low and the K concentration is high. After inhibition 
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of the active transepithelial Na transport by 2-4-dinitrophenol, the Na concentrations 
in all layers are increased, whereas the K concentrations show an almost equivalent 
drop. A similar Na/K exchange was also observed when the Na/K pump was inhibited by 
ouabain. It could also be demonstrated that the Na increase after ouabain is due to 
an Na influx from the outside bathing solution. When we blocked the Na influx--either 
by rendering the outer membrane impermeable to Na by amiloride or by using a Na-free 
outer bathing solution--the effect of ouabain was completely abolished. Furthermore, 
when the Na influx from the outside was stimulated, as with novobiocin or argininvaso- 
pressin, the Na concentrations in all epithelial layers were found to be increased. In 
contrast, after the Na influx from the outer bathing solution was reduced by the addi- 
tion of amiloride, the Na concentrations in all layers dropped. 

According to these results all living epithelial layers are involved in transepithel- 
ial Na transport. It can also be concluded that the various epithelial cells are con- 
nected via low resistance pathways for Na and form a syncytial Na transport compartment. 
However, a few epithelial cell types are not contained in the syncytial Na econS pore con- 
partment: the gland cells, the mitochondria-rich cells, and the cornified cells. 

Electron microprobe analysis of cortical rat kidney revealed characteristic differ- 
ences between proximal and distal tubular cells.? As shown in Table 2, the cellular con- 
centrations of Na and Cl were significantly higher in the proximal tubule, whereas the K 
concentrations were virtually identical. Further functional differences between proximal 
and distal tubular cells could be detected during acute renal ischemia.19 Following 20 
min of renal ischemia the Na, Cl, and K concentrations of proximal tubular cells were 
drastically changed at 93, 53, and 65 mmole/kg w.w., respectively, whereas the concentra- 
tions of distal tubular cells were only slightly changed at 18, 29, and 146 mmole/kg w.w., 
respectively. However, after 60 min of ischemia only minor differences in the proximal 
and distal values could be detected. The Na, Cl, and K concentrations were 112, 66, and 
42 for the proximal tubule and 77, 48, and 89 mmole/kg w.w. for the distal tubule, re- 
spectively. After reflow of blood was permitted the electrolyte concentrations returned 
within 60 min to values not significantly different from controls. 


TABLE 2.--Cellular Na, Cl, and K concentrations of proximal and distal tubular cells of 
cortical rat kidney. 


Na Cl K 


mmole/kg wet weight 
proximal tubule 19.6 22.8 144.4 


distal tubule 11.4 12.5 143.3 
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ANALYTICAL CONSIDERATIONS FOR ASSESSING THE EFFECTS OF MASS LOSS IN 
BIOLOGICAL MATERIALS 


J. W. Edie 


A major limitation in the quantitative microanalysis of biological specimens is the de- 
structive action of the electron beam on the low density specimens. These electron 
beam-specimen interactions result in varying characteristic and continuum count rates 
for the duration of mass loss from the specimen and these variations impose severe re- 
strictions on the validity of quantitative results.1?4 

The irradiation effects for biologically significant materials occur for electron 
doses of 10711 to 1079 C-um-* under normal operating conditions. It is not uncommon in 
focused beam analyses to supply doses in excess of 10-© C-um™4 to acquire statistically 
significant data when determining the low elemental contents that are typical of biolog- 
ical materials. Analytical considerations for acquiring the data within an electron 
dose of 10-19 C-um74 are presented in Fig. 1. The time of analysis is shown versus probe 
diameter for a range of beam currents. Instrumental limitations in operating conditions 
are indicated by dashed lines for a tungsten gun (W), a LaBg gun (LB), and a field-emis- 
Sion gun (FE). Typical operating conditions for microanalysis would exist within the 
shaded area. For these conditions, the specimen alterations resulting from electron ir- 
radiation would occur within a small fraction of a second. It would be necessary to in- 
crease the probe diameter to 100 um before the count rate variations could be readily 
monitored. 


The effects of electron beam-specimen 
interactions must be known before reliable 
quantitation is possible in biological spe- 
cimens. For focused-beam analyses, this re- 
quirement means that specimen damage must be 
prolonged to doses > 107© C-ym7*. The oper- 
ating parameters for a 107© C-ym? dose may 
be read from Fig. 1 if the analysis time 
scale is moved four powers of ten to the 
left. Count-rate variations could then be 
monitored since they occur over reasonable 
time intervals and appropriate corrections 
to the data become feasible. 

Cooling the specimen to cryogenic tempera- 
tures is frequently suggested to reduce beam 
damage.?’ Mass loss has been observed to 
reduce with specimen temperature, but several 
laboratories have observed erratic count rates 
Analysis Time (sec) and inconsistent mass losses under microanaly- 
tical conditions at these reduced temperatures. 
Unless special apparatus is available, it is 
possible the analysis conditions are adverse- 
ly impaired by condensation, beam charging, 
and thermal effects that negate the potential 
advantage gained in reduced mass loss at cryo- 
genic temperatures. 

Assuming mass loss is primarily a thermal 


Probe diameter (nm) 


FIG. 1.--Probe diameter vs time of analysis 
for an accumulated electron dose of 1071 
C-um7* at beam currents of 1076, 107°, 

and 107-15 A, Dashed lines represent 
instrumental limitations for tungsten gun 
(W), LaBg gun (LB), and field-emission gun 
(FE). Typical operating conditions for 
microanalysis fall within shaded area. 


The author is with the Dows Institute for Dental Research, University of Iowa, Iowa 
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phenomenon, maintaining the temperature of the specimen through the app caren of an 
Al film should prolong the duration of mass loss.° Friskney and Haworth® have ‘reported 
approximate algebraic solutions to the temperature of a thick, low-conductivity speci- 
men under an Al coating. These solutions were used to predict maximum specimen surface 
temperatures in the analysis of tooth dentine under an Al coating of varying thicknesses. 
Table 1 lists these temperatures for an absorbed power of 1073 W and a beam radius of 
lum. The calculations assume the thermal conductivity of dentine is 107% W-cm™!-°c"!, 
the thermal conductivity of Al is 2 W-cm™!-°c~!, the depth of penetration is 1 um, and 
the distance within the specimen necessary to attain ambient temperature from the exci- 
tation point is 1 mm. A 1 um Al coating should reduce the specimen temperature to at 
most. a few degrees above ambient temperature and mass losses resulting from heating 
should be correspondingly minimized. 


TABLE 1.--Maximum dentine surface 2.0 
temperature under various Al film 


Dentine Target 


Absorbed Power = 10 ~ W 


thicknesses. 
: 12 kV Al Film 
Al film : wie i ce 
thickness Temperature 15 , nl an 
(nm) (CC) : UM. AN i 100 nm 
co ith ehh " 
0 2387 | We 
10 320 cps | 
100 36 ' 
1000 4 1.0 f aa adit ai 500 nm 
FIG, 2.--Calcium count rate variations versus 
electron dose as recorded from human tooth den- : 
Time -Coatee Nik 20) TONS 200 and 1000nm el fa eo ee a ae 
film thicknesses. Accelerating voltage, 12 kV; oe hr. See ee 
-3 . ; 
total absorbed power, 107° W. Count rates in- er ee eet ae 


crease about 25% for each Al film thickness. 


A polished, longitudinally sectioned molar was coated with Al to thicknesses of 20, 
100, 500 and 1000 nm. The Ca count rate as a function of electron dose at 12kV acceler- 
ating voltage and total absorbed power of 107? W is displayed in Fig. 2. The Ca count 
rates decrease with film thickness owing to energy losses within the Al coating. The 
electron range within the dentine most closely approximates that assumed in Table 1 for 
the 1 um Al film thickness. The apparent increase in electron dose necessary to produce 
the count rate variation in the 1 um Al coated dentine may be a thermal phenomenon or it 
may reflect the decreased current actually reaching the dentine through the Al film. 

Application of the thicker Al films yields no obvious benefit, since the slight pro- 
longation of the mass loss is more than offset by the reduced characteristic x-ray count 
rate and absorption of long-wavelength x rays. There are also difficulties in interpre- 
tation for x-ray spatial resolutions approaching 1 um. The temperature of the specimen 
appeared to be greatly reduced during analysis since contamination was not visible after 
prolonged irradiation of the 1 um Al film, but was very pronounced for the thinner Al 
films. However, it is not known whether the temperatures listed in Table 1 were actually 
attained. 

The mass loss resulting from electron irradiation forms as "gas" bubbles beneath the 
Al films. The gas is believed to consist of the organic elements and Hj, Oo, and CO»o 
gases./ The above results suggest the ejection of these light-element components of the 
dentine is not strongly temperature dependent. ''Knock-on'! losses due to elastic inter- 
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actions become: more probable as the binding energy of light elements in the specimen 
decrease® and this may contribute to the observed mass losses. 

There is no apparent simple solution to the mass loss problem in biological micro- 
analysis. The problems are compounded for the more volatile soft tissues, which impose 
more stringent analysis requirements due to low elemental contents. Electron irradia- 
tion at low accelerating voltages is incapable of removing the heavy apatite crystals 
from mineralized tissues, but several of the biologically significant light elements 
have been observed to be removed from other organic materials. The use of thin sections 
at cryogenic temperatures and of higher accelerating voltages are frequently recommended 
for soft-tissue analysis. The local heating within thin sectioned organic specimens as 
a result of electron bombardment may easily exceed hundreds of degrees unless coatings 
up to 1 um Al are applied or absorbed powers less than 107° W are used with thinner 
coats. These conditions imply that either submicron quantitative analyses are not fea- 
sible or that analysis times ranging to hours would be necessary to acquire satisfactory 
data. 
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ELECTRON-PROBE MICROANALYSIS OF TRANSPORTING TISSUES: DUCKLING ERYTHROCYTES AND SALT- 
SECRETING EPITHELIUM 


S. B. Andrews, J. E. Mazurkiewicz, and R. G. Kirk 


The salt glands of marine birds, including the domestic duck, are capable of secreting a 
hypertonic sodium chloride solution that can approach six times the osmolarity of the 
plasma when the animals are salt-loaded.! The transport mechanism(s) of the principal 
cells of this gland are of considerable interest,?’? and a knowledge of the cellular elec- 
trolyte concentration is crucial to an understanding of this process. However, the diver- 
cells of this gland is of considerable interest,?»% and a knowledge of the cellular elec- 
trolyte concentrations is crucial to an understanding of this process. However, the diver- 
sity of cell types and complex cellylar organization of the glandylar tubules complicate ~ 
the study of this tissue by conventional methods. In contrast, the superficial supra- 
analysis of the blood and salt glands of normal and salt-stressed ducklings. 


Expertmental Methods 


Nine-day old ducklings, Anas platyrhynchos, were either maintained for an additional 
six days on an ad libitum supply of duck mash and fresh water (unstressed) or switched to 
a 1% saline solution for drinking (stressed) prior to sacrifice by decapitation. The salt 
glands were rapidly excised and plunged into supercooled Freon 22 (-160°C) for freezing. 
Thin cryosections (ca 130 nm thick after drying) were cut from the natural face of the 
gland at -105°C by means of a Sorvall MI-2B microtome equipped with an FITS cryokit. The 
sections were mounted on 100-mesh copper grids covered with a carbon film (ca 45 nm), and 
subsequently freeze-dried essentially as described by Somlyo et al.* Samples of packed 
pellets of red blood cells in plasma (obtained from an aliquot of whole blood collected 
from the same animal) were quench-frozen, sectioned, and freeze-dried as described. The 
remainder of the blood was used for flame photometric measurements of Na and K concentra- 
tions of red cells and plasma, and for gravimetric determination of dry-mass content. 

Energy-dispersive (EDS) X-ray spectra were obtained by means of an ETEC Autoscan elec- 
tron microscope equipped with a Kevex 7000 series X-ray spectrometer interfaced to a DEC 
PDP 11V03-L computer. X-ray acquisition conditions were: 30kV accelerating voltage; 1.0nA 
beam current; 100s (livetime) analysis time; > 0.2um@ analyzed area; and ambient tempera- 
ture specimen stage. The extraction of quantitative data from raw EDS spectra was carried 
out by the multiple least-squares fitting method,° essentially as described by Shuman et 
al.© In addition to corrections for systems background and grid-generated x-rays, the 
calculated continuum was also corrected for contamination (which was < 5% in the worst 
case) and support contributions, as will be described in detail. To obtain _elemental con- 
centrations from x-ray intensities, both the continuum normalization method’ and the in- 
ternal standard approach® were employed. In favorable cases, both methods can be shown 
to give self-consistent results, as discussed below. 


Results 


Erythrocytes. The nucleated red blood cells of the duck are of interest because of 
the general and unresolved issue of ion compartmentalization in the nucleus of such cells, 
and also because of the possibility that the composition of the red cells may reflect the 
salt load of the plasma in a stressed bird. In this study, the red cells also serve a 
methodological purpose, since they can be used to test the accuracy of x-ray derived con- 
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FIG. 1.--Transmission EM image of freeze- FIG, 2.--Transmission EM image of a freeze- 

dried cryosection of duckling erythrocytes, dried cryosection of salt gland tubule from 

x11 000. Bar, 1 um. salt-stressed duckling. Tubule lumen is 
indicated: by arrowhead, x6600. Bar, 1 um: 


TABLE 1.--Calculation of potassium concentration and dry-mass fractions of normal 
duckling erythrocytes. 


Rey Counts ery Dry wt 
g/100 g 
Red Blood Cells 
EPMA 

Nucleus 5875 2492 | 436415 43+] 
Cytoplasm a ae | 2273 211+ 7 39+] 
Total ee ae | 207 | 100 | 40.0 

Chemical Analysis 252 | 10014 | 39.7+0.4 


Data are the weighted average + SEM for the paired analysis of nucleus/cytoplasm 
for 10 red cells. nae are defined in the text. The weighted average of the 
ratio tganue) oe was 2.29 + 0.10 (SEM); for the continuum, the ratio 


Ic(nuc)/Ic(cyto) was 1.10 + 0.03 (SEM). The volume-fraction of the nucleus was 
0.158 + 0.014. 
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centrations and tissue mass estimates. 

As a two-compartment system, the wet-weight concentrations in these cells are uniquely 
determined by the characteristic x-ray intensity ratios, the overall cell concentration 
per liter packed cells (by chemical analysis), and the volume-fraction of the nuclear com- 
partment (by morphometric estimate). The following equations illustrate the general re- 
lationships. 


Cy 7 {wet) = VE x x wet) € VoGy clwet) 


Cy yiwet) = (Ly y/Ty cd Ey, ¢ fwet) 


V 1-V 


N C 


where V = volume-fraction, C = concentration in mmol/kg, and I = X-ray counts. The ele- 
ment (or continuum) and cell compartment are indicated in subscripts and the state of 
hydration is specified in parentheses. An example of this calculation is given in Table 
1; Fig. 1 illustrates typical cryosection morphology. The chemical data in Table 1 are 
in agreement with literature values.? For K, the ratio Ix n/Ix,c (column 1) specifies 
the concentration Cy(wet) given in column 5. A similar calculation for the dry-weight 
fraction (column 6) follows from the ratio of continuum intensities (column 2). The dry- 
weight concentration in column 4, Cx(dry) (calculated as column 5 divided by column 6), 
equals the dry-weight concentration in column 3, Cy'(dry) (calculated from peak/ continuum 
ratios, i.e., column 1] divided by column 2), only if there is no significant absolute er- 
ror in the estimation of tissue-derived continuum. The good correlation between dry- 
weight concentration calculated by these two independent methods indicates that under 
these experimental conditions tissue dry mass can be approximated from continuum intensi- 
ties with a useful degree of accuracy. 

Using the strategy outlined above we determined the wet-weight concentration for all 
elements analyzed in unstressed duckling erythrocytes (Table 2). The results indicate a 
dramatic localization of K and P in the nuclei of these cells. Conversely, Cl was moder- 
ately elevated in the cytoplasm and Fe was detected only in this compartment. Cellular 
Na levels were too low to quantitate, in agreement with a chemical measurement of 
Cna 7 (wet) = 4.8 mmol/L packed cells. These results are consistent with elemental dis- 
tributions reported by Jones et al.!° for chick embryo erythrocytes. 


| No. of Dry wt 
\Analyses fraction 
| g/100 g 
Red Blood Cells 7 - 
Nucleus 10 43+] 
Cytoplasm i 10 39+] 
Salt Gland Epithel ium| 
Nucleus 14 a 19+1 
Apical Cytoplasm | 9 121+3 30+2 24+] 


Data are tne weighted average + SEM, *Values not significantly different from 0. 


Elemental concentrations were also determined for stressed duckling erythrocytes by 
both chemical and microprobe methods. No major differences in electrolyte concentrations 
between stressed and unstressed red cells were found, although plasma Na was elevated to 
170 mM in the stressed bird (compared with 155 mM in the normal duckling). High plasma 
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Na has previously been reported in the salt-stressed herring gul1.!! 


Salt Gland Epttheltum. The example of a cryosectioned tubule of stressed salt gland 
shown in Fig. 2 illustrates the preservation of the characteristic morphology of the tu- 
bule lumen and the basal and lateral cell interdigitations. Further, ice damage is rea- 
sonable for a tissue of relatively high water content. (For examples of salt gland mor- 
phology as seen in conventional sections, Ref. 12 should be consulted.) 

We have found that elemental peak/continuum ratios, and therefore dry weight concen- 
trations, can be obtained from these preparations with good reproducibility. However, 
this information alone is not sufficient, since, as in other transporting epithelia, a 
measure of the local water content is indispensable for inferring the physiological rele- 
vance of the results. Therefore, a variation of the internal standard proportionation 
method®’!3 has been adopted. 

In the intertubular microvasculature of a cryosection of salt gland, it is generally 
possible to find several well-preserved erythrocytes. Since the elemental concentrations 
and dry-mass content of these cells are known from EPMA and chemical analysis of the blood 
of the same animal, the tm sttu red cells serve as well-defined internal standards. This 
approach was used to calculate the results given in Table 2 for the epithelial cells; data 
for the cytoplasm are specifically confined to the apical region of the cells where the 
probe could be unequivocally located on the cytoplasm of a single cell (e.g., above and 
below the lumen in Fig. 2). The values in Table 2 are statistically inferior to dry- 
weight concentrations calculated from peak/continuum ratios; however, the need to express 
the results in physiologically useful units dictates the choice of wet-weight concentra- 
tions. 

These results indicate a relatively uniform distribution of electrolytes between nu- 
clear and apical cytoplasmic compartments. When the data are converted to mmol/L cell 
water, the cellular concentrations of Na (10-15 mM), K (140 mM) and Cl (40 mM) are sug- 
gestive of a prototypical epithelial cell. In comparison to chemical determinations of 
intracellular ion concentration in avian salt glands ,!1?14>15 EPMA results indicate a 
significantly lower cellular Na and higher K. However, the microprobe data were obtained 
from one specific morphological region of the cytoplasm, and it cannot be assumed that 
these values are representative of the cell cytoplasm as a whole. Moreover, it is well 
recognized? that the enzymatic and ultrastructural specializations related to salt trans- 
port are localized in the basolateral domains of this cell, and that these are the regions 
that respond developmentally and physiologically to salt loading. It will be therefore of 
interest to obtain electrolyte concentrations from the basal and lateral cytoplasm, in or- 
der to determine whether local ion levels reflect the specialized function of this region 
or ‘the: cell, 
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CALCIUM AND MAGNESIUM COMPARTMENTALIZATION IN SKELETAL MUSCLE: ELECTRON PROBE 
X-RAY MICROANALYSIS 


L. M. Popescu, W. C. de Bruijn, Ilie Diculescu, and W. T. Daems 


Muscle fibers from frog sartorius were "prefixed" with K oxalate, to immobilize Ca and 
Mg in situ, then fixed in glutaraldehyde, postfixed or not in osmium, dehydrated, and 
embedded in Epon. The normal intracellular concentrations of elements, deduced from 
earlier bulk chemical analyses, were preserved in such oxalate-treated muscle fibers. 
Electron probe analysis showed that the sarcoplasmic reticulum (SR), mitochondria, and 
nuclei contained concentrations of Ca and Mg in excess of cytoplasmic levels. The re- 
sults also suggest that Na, Cl, P and S are compartmentalized inside the muscle fibers. 
All analytical values are given in mmol/kg dry wt. + SEM. 

In the context of the existing data, Somlyo et al. very recently reported some unex- 
pected results.!~3 They used dry cryosections of striated muscle for electron-probe anal- 
ysis and found that the SR was the only intracellular Ca-accumulating structure. In ad- 
dition, their findings suggested that Mg, Na, Cl, K, P, and S are not compartmentalized 
in striated muscle fibers. 

As an alternative approach to freezing, we tried Ca and Mg immobilization with oxa- 
late. The proper use of the oxalate anion for Ca trapping in living cells was recently 
reviewed;* the oxalate anion, in concentrations higher than 10 mM, can immobilize not 
only Ca but also Mg in muscle fibers.° 

A preliminary report of some of our results has been presented. ® 


Matertal and Methods 


Muscle strips from frog sartorius (Rana ptptens; winter frogs) were equilibrated for 
30 min at room temperature in Ringer's solution. The composition of Ringer's solution in 
mM was: NaCl, 116; CaCly, 1.8; KCl, 2.0; NaHCO3, 2.38; NaH»PO,, 0.087; glucose, 11.0; 
pH = 7.2 and osmolarity of 250 mosmol/kg H20. 


Oxalate Treatment of Muscle Fibers. Muscle strips were incubated for 10 min in a 
high-K oxalate (40mM) medium that produced initially a K-contracture followed by gradual 
relaxation.’ Then muscle strips under relaxation were fixed for 1 hr in 2.5% glutaralde- 
hyde in 0.1M cacodylate buffer, pH = 7.4, briefly rinsed in the same buffer, and occaston- 
ally postfixed in OsO,. After being rapidly dehydrated through graded ethanols, the spec- 
imens were cleared in propylene oxide and embedded in Epon. Each aqueous solution was 
saturated with oxalate; Ca and Mg were not added to any of the solutions used. Aithough 
these solutions were nominally Ca- and Mg-free, as expected, they contained traces of Ca 
and Mg. Atomic absorption measurements showed that Ca and Mg contaminations in the glu- 
taraldehyde fixative and in ethanol solutions were in the range of 107° M. 


Eleetron~probe X-ray Microanalysts was done on a Philips 400 high-vacuum transmission 
electron microscope equipped with scanning polepieces and x-ray stray aperture. EDAX 
Si(Li) x-ray detector (30 mm*, detector perpendicular to the specimen rod) was interfaced 
with the analyzer and EDIT/NOVA computer. The extraneous signals and the associated low 
background were obtained by collecting the spectrum generated with the electron beam pass- 
ing through an empty grid hole and subtracted by computer routine. We confirm the finding 
of an extraneous and variable Si peak without biological significance, previously reported 
by Somlyo et al.! 

All the analytical values were obtained on unstatned thin sections of about 100 nm. 


Authors Popescu and Diculescu are with the Department of Cell Biology and Histology, 
Faculty of Medicine, Bucharest 35, Rumania; Drs. de Bruijn and Daems are at the Laboratory 
for Electron Microscopy, University of Leiden, Leiden, The Netherlands. The support of 
this work by the Netherlands Organization for the Advancement of Pure Research (ZWO) is 
gratefully acknowledged. 
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The sections were cut on a LKB ultrotome and mounted on copper grids. To convert the 
x-ray spectra to elemental concentrations (mmol/kg dry wt.), we used the method suggested 
by Shuman et al.® Since Somlyo's group used the same method,! ° the possibility of an 
immediate comparison of results is obvious. 


Results 


The Ultrastructure of oxalate-treated muscle fibers is virtually of the same quality 
as that observed in usual specimens of striated muscle. The characteristic features of 
striated-muscle fine structure were easily recognized (Figs. 1 and 2). Electron-opaque 
precipitates were found in the SR and mitochondria, as previously reported. ? 


FIG. 1.--Frog sartorius. Oxalate-treated muscle fiber: x15 000. Elemental concentra- 
tions (mmol/kg dry wt.) found by electron-probe analysis are imprinted. ECS = extra- 
cellular space; coll = collagen fibrils. The cytoplasmic elemental concentrations were 
measured over I bands. Cl concentrations were deduced after the subtraction of Epon Cl- 
counts. 


FIG. 2.--Frog sartorius. Ox- 
alate-treated muscle fiber. 
Higher magnification: x75 000. 
Elemental concentrations (mmol/ 
kg dry wt.) found by electron 
probe analysis are imprinted. 
LSR = longitudinal SR; TC = 
terminal cisternae. 


Control of Ca and Mg Immobtlizatton by Oxalate Treatment. The total amount of Ca 
and Mg contained in muscle strips was measured by atomic absorption spectrophotometry 
(Pye-Unicam SP 90). After oxalate treatment (before fixation in glutaraldehyde) muscle 
strips contained 12 + 3.0 mmol Ca/kg dry wt. and 41 + 14.1 mmol Mg/kg dry wt. After de- 
hydration (before embedding in Epon) muscle strips contained 9 + 0.5 mmol Ca/kg dry wt. 
and 44 + 6.5 mmol Mg/kg dry wt. These data show that there is no significant modifica- 
tion of Ca and Mg content in oxalate-treated muscle strips during preparation for elec- 
tron-probe x-ray microanalysis. For functional test we used caffeine, which is well 
known to produce a vigorous contraction of striated muscle fibers as a result of Ca mo- 
bilization from intracellular stores, mainly the SR.1° Caffeine (5 mM) was unable to 
produce a contraction in muscle fibers treated with oxalate. Therefore, it seems rea- 
sonable to believe that Ca ions were indeed immobilized tn sttu by precipitation with 
oxalate. 

Mean tntracellular coneentrattons of elements were determined to establish whether 
or not the "normal" concentrations (deduced from earlier bulk chemical measurements) were 
kept in oxalate-treated and conventionally processed specimens. Analyses were done over 
2 parallel sarcomeres or across 5 adjacent sacomeres with needle-shaped probe. The aver- 
age intracellular concentrations were: Ca, 16 + 3; Mg, 39 + 12; Na, 127 + 56; P, 230 + 40; 
S, 46 + 13. 

Ca and Mg distrtbutton was determined by small-spot analyses, and is shown in Table 1. 
A typical x-ray spectrum from the analyses of the terminal cisternae of SR is given in 
Fig. 3. 


TABLE 1.--Ca and Mg concentrations mea- 
sured by electron probe analysis on thin 
sections of oxalate-treated frog sar- 
torius muscle. 


Concentration 
(mmol/kg dry wt.) 


Frog sartorius muscle 


Extracellular space 6.2 --5,4 
Cytoplasm 
I band 53 + 18.8 
A band 4+4 2,1 


Sarcoplasmic reticulum 


Terminal cisternae 48 + 9.0 

Longitudinal tubules 54-2 13,4 
Mitochondria 134 + 8.6 
Nuclei 
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FIG, 3,.--X-ray spectrum over a terminal cis- 
terna of SR from oxalate-treated, glutaral- 
dehyde-fixed and Epon-embedded muscle fiber. 
No osmium postfixation was used. 


Discusston 


Electron-probe analysis measures the total amount of a given element, irrespective of 
being ionized or not, free or bound. 

Mean intracellular coneentrattons of elements measured on thin sections of oxalate- 
treated, glutaraldehyde-fixed and Epon-embedded skeletal muscle fibers were in concordance 
with numerous "bulk" chemical determinations reported previously and with the values given 
by Somlyo et al., who used dry cryosections (Table 2). This concordance is particularly 
valuable when frog-to-frog and fiber-to-fiber variations or differences in the incubation 
times and in the composition of physiologic saline solutions used (Ringer's solutions) are 
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considered. In addition, the total Ca and Mg concentrations measured chemically in the 
same muscles used for the electron-probe analysis were in good agreement (within the in- 
herent error) with the electron-probe results. Thus, we are able to contend that the 
concentrations of elements are preserved in oxalate-treated muscle fibers despite the 
conventional processing for electron microscopy. 


TABLE 2.--Average concentrations of elements in frog skeletal muscle. Comparison between 
results obtained by electron-probe analysis and earlier bulk chemical analyses. We used 
thin sections of oxalate-treated muscle; Somlyo et al. freeze-dried sections. '"Somlyo's 
group'' results were calculated from Table 1 of Ref. 1. Only determinations on muscle 
fibers from winter frogs (marked A and B in that Table 1) were taken into account because 
we used winter frogs, too. Ca concentration was not reported in Ref. 1. 


Average concentration of elements (mmol/kg dry wt.) 
in frog skeletal muscle 


Electron probe 


aes hae Chemical analyses 


Somlyo's 
Element ie group Others 


Ca 10 Henrotte §& Cosmos, 1959; 
Winegrad, 1965; Bianchi, 1968; 
13 Fenn, 1936; Conway, 1945; 
| Gilbert §& Fenn, 1957; 
15 Cloetta et al., 1942; 
20 Sorokina § Kholodova, 1970; 
Mg 39 + 12 52 + 13 35 Bianchi, 1968; 
41 Fenn, 1936; 
45 Cloetta et al., 1942; Gilbert §& McGann, 
55 Conway, 1945; 1958; 


Na 127 256 81 + 34 80 Steinbach, 1962; Riordan et al., 1972; 
100 Adrian, 1956; Hodgkin §& Horowitz, 1959; 
115 Conway, 1945; 
120 Sorokina & Kholodova, 1970; 
125 Fenn, 1936; 


P 230 + 40 294 + 44 200 Barany, 1973 
235 Diem & Lentner, 1968; 


Ca Compartmentaltzation. No significant difference was found between Ca accumulation 
in the terminal cisternae and longitudinal tubules of the SR, as earlier low-resolution 
autoradiographic or qualitative cytochemical studies suggested, 19 The average Ca concen- 
tration of the SR, measured in situ by electron probe analysis was 85 + 18.9. This Ca 
accumulation corresponds to 15-25 mmol Ca/liter of SR in living muscle, and is virtually 
identical with that expected from in vitro biochemical studies of Ca uptake by purified 
microsomes isolated from the frog skeletal muscle. 1? 

In vitro Ca accumulation by mitochondria is well documented.1!! Qualitative cytochemi- 
cal studies showed in situ Ca accumulation by mitochondria of frog skeletal muscle.? We 
confirm the ability of muscle mitochondria to accumulate Ca in situ: 49 + 31 mmol/kg dry 
wt. However, the high SEM suggests a significant heterogeneity of the mitochondrial popu- 
lation in muscle fibers. 

In contrast to mitochondria, little or no attention has been paid to nuclet as Ca- 
accumulating sites. Our results show that Ca concentration inside the nuclei is compar- 
able with that of the SR. A Ca-ATP-ase located in the nuclear envelope, as in smooth 
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muscle,+ might perform Ca transport from the cytoplasm against a large concentration 
gradient. Nevertheless, a (considerable) part of nuclear Ca could be bound to chromatin. 

Electron-probe analysis of oxalate-treated smooth muscle cells provided direct evi- 
dence for Ca compartmentalization, as suggested previously.+’’°12 The measured Ca con- 
centrations (mmol/kg dry wt.) were about 100 in the SR and mitochondria, and about 60 in- 
side the nucleus, significantly higher than in cytoplasm.!3 These analytical values are 
in good agreement (within statistical error) with Ca concentrations determined in subcel- 
lular components of skeletal muscle. Somlyo et al. used dry cryosections for electron- 
probe analysis of smooth muscle and did not find any Ca accumulation in mitochondria or 
nucleus, but reported high Ca sequestration (255 + 7 mmol/kg dry wt.) in some electron- 
opaque granules scattered in cytoplasm and presumably located in the SR.2% 


Mg Compartmentaltzatiton. We believe that the Mg concentration measured over A bands 
represents a more accurate estimate of cytoplasmic Mg-concentration, because of the well- 
known Mg binding by thin filaments in I bands (Table 1). Thus, our results show Mg ac- 
cumulation in the SR. Mg concentration in the terminal cisternae and longitudinal tubules 
was not significantly different. The average Mg concentration of the SR is 51 + 7.1 mmol/ 
kg dry wt. Although Somlyo et al.!. found 40 + 5.9 mmol Mg/kg dry wt. in the terminal cis- 
ternae, they concluded that the SR did not accumulate Mg, because they measured the cyto- 
plasmic Mg concentration (39 + 5.2) immediately adjacent to terminal cisternae (at the 
level of I bands), where Mg is tightly bound to thin filaments. 

The high concentrations of Mg found by us in mttochondrta and nuclet are expected, 
when the variety of functions ascribed to mitochondrial Mg or the role of Mg in the con- 
trol of chromatin aggregation are taken into account. 

In conclusion, the oxalate treatment of muscle fibers, for Ca and Mg immobilization, 
followed by usual fixation, dehydration, embedding, and sectioning, is an alternative 
(but simple, quick, and inexpensive) approach to the use of dry cryosections to measure 
the intracellular Ca and Mg distribution. However, a priori, each experimental approach, 
either "chemical fixation" of Ca and Mg with oxalate or physical fixation by freezing 
could produce artifacts. We have to consider that the similar findings obtained by meth- 
ods that are as different as they could be would represent the intracellular truth. 
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X-RAY ANALYSIS OF FROZEN HYDRATED TISSUE SECTIONS BY MEANS OF A SCANNING 
ELECTRON MICROSCOPE 


A. J. Saubermann, Reinier Beeuwkes III, R. E. Bulger, and Patrick Echlin 


X-ray microanalysis of frozen hydrated tissue sections permits direct quantitative analy- 
sis of diffusible elements in defined cellular quantitative analysis of diffusible ele- 
ments in defined cellular compartments. Because the sections are hydrated, elemental 
concentration can be defined as wet weight mass fractions. Use of these techniques also 
permits determination of water fraction in those cellular compartments. Absolute quanti- 
tative standardization can be established through direct analysis of frozen hydrated and 
then dried sections of independently measured standard solutions of elements with a prob- 
able error of less than 10%. Fundamental to application of these techniques are, first, 
a reliable method for cryosectioning, and second, a specimen support and transfer system 
that permits hydrated sections to be transferred to the scanning electron microscope 
(SEM) cold stage for examination and analysis without contamination or water loss and 
without introduction of extraneous x radiation. 


Cryosecttoning 


Cryosectioning must produce smooth, relatively thin, flat tissue sections. Frozen 
sections nominally 0.5 um thick are thin enough to permit the Hall analytical method to 
be used and to show reasonable morphology with scanning transmission electron microscopy 
(STEM) imaging at 30 keV.! Such sections are thick enough to provide sufficient charac- 
teristic x-ray intensity for energy-dispersive analysis with reasonable counting rates at 
a reasonably small probe current. Frozen biological tissue appears to behave similarly 
to brittle metals during cutting, which makes cyrosectioning fundamentally different from 
plastic or paraffin section cutting. During metal cutting operations internal stress is 
created at the cutting tool edge; the concentration of these stresses causes the chip to 
shear from the material and flow along the chip-tool interface. This separation occurs 
through plastic deformation or through fracturing depending on the ductility of the metal. 
If fracturing occurs,discontinuous chips are formed. If plastic deformation occurs, a 
continuous chip is formed. As the angle between the top of the tool and the face of the 
workpiece is narrowed, chip deformation in the shear zone is reduced. Such conditions 
promote continuous-chip formation. These metal cutting principles were applied to cryo- 
sectioning through the use of a new cryosectioning system mounted on a Sorvall Porter- 
Blum (MT-2) microtome. This system included (1) large cryochamber, (2) continuous-flow, 
constant-temperature cooling system, (3) three-point holder, (4) transfer port, and (5) 
razorblade knife holder fitted with an antiroll plate (Fig. 1). The brittleness of frozen 
hydrated biological tissue depends on its composition, structure, and temperature. The 
major controllable factor appears to be temperature. Continuous-chip formation generally 
begins at approximately -50°C, and the entire section becomes a continuous chip by -30°C. 
More morphological information is obtained with continuous chips than with discontinuous 
‘chips. Furthermore, the origin of the x-ray signal is generally better defined in a con- 
tinuous chip. The effective cutting temperature depends on both chamber temperature, 
which defines the initial temperature of the block face, and the heat introduced during 
sectioning. The temperature rise in the section and in the workpiece varies primarily 
with composition of the tissue block, the rate of cutting, and type of chip formed. Thus, 
as the sectioning temperature became colder the total amount of heat introduced increases 
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265 


markedly. However, as heat input is ap- 


~--—— Be Grid 


Grooved 
4 — Transporter 


parently independent of section thickness, 
potential temperature rise varies inversely 
with section mass. Consequently, thick sec- 
Be Cynder tions probably do not rise in temperature as 
much during cutting as thin sections. We 
have observed that thick sections generally 
cannot be cut so as to form continuous chips 
at temperatures below -80°C unless heat in- 
put is raised by cutting at faster speeds .? 


Seetton Handling and Transfer 


After sectioning the tissue section was 
picked up from the knife edge by means of a 
cold eyelash and placed directly on a nylon- 
covered Be holder that had been previously 
coated with carbon (Fig. 1). This holder was 

od precooled (-155°C) to reduce the likelihood 
. of drying occuring to the tissue section 
prior to transfer. The use of a 75-mesh Be 
grid beneath the nylon film markedly reduced 


the thermoresistivity of the nylon film, and 
avoided an unacceptably large extraneous x- 


FIG. 1.--Schematic of equilibrium of ray background. The support system for the 
cryosectioning system: continuous-flow, grid was also machined from Be (Fig. 1). For 
constant-temperature, nitrogen-cooled ease of handling, mechanical and thermal in- 
system through inlet A; razorblade terfacing between the specimen holders and 
knife holder C equipped with glass anti- the microscope cold stage was provided by 
roll plate B; specimen held in three- means of a Be grooved transporter (Fig: 1). 
point hold system D; frozen section placed This system provided a closed, frost-free en- 
in specimen holder E (detail in insert); vironment for this transporter and a massive 
transfer of sections from the chamber is heat sink to minimize temperature rise. This 
through port F. system maintains specimens colder than -.-155°C 


during transfer (Fig. 2). Because the Delrin 
tube was backfilled by cold dry nitrogen from 


FIG. 2.--Sealable transfer system with heat 
sink in extended position; Delrin cylinder with 
transparent vacuum flange can be sealed with 
small attached plug. 
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the microtome chamber, frost accumula- 
tion during transfer was found to be 
negligible. Transfer was accomplished 
through an intermediate airlock pump- 
down system. The microscope cold 
stage was designed to incorporate an 
anticontamination system. At stage 
temperatures below -150°C the rate of 
ice sublimation from sections was so 
slow as to,be undetectable. 


Compartment Identification and Analysis 


The identification of compartments 
in fully hydrated tissue sections was 
difficult. Secondary-electron images 
provided some morphological information 
when differential shearing planes oc- 
cured in different tissue compartments. 
Transmitted electron images had little 
contrast (Fig. 3). Thin, frozen hy- 
drated sections showed morphology, 
which was not visible in equally hy- 


FIG. 3.--STEM micrographs of rat renal papillae sections 0.5 um thick: (a) frozen hy- 
drated, with no morphological information; (b) frozen dried, with distinct morphological 
compartments. (Grid spacing about 300 um.) 


drated thicker sections viewed simultaneously. Although good contrast was seen in dried 
sections, the presence of a STEM image did not necessarily indicate dehydration. How- 
ever, the presence of visible ice-crystal damage artifacts, either in the STEM or secon- 
dary image, was invariably an indication of water loss. X-ray mapping techniques were 
employed to assist in compartment identification in hydrated sections.3°* Phosphorus maps 
proved valuable for studies of renal papillae.??* Such a map corresponded roughly to the 
application of a nuclear stain. STEM images of dried frozen sections showed clearly iden- 
tifiable cellular structures (Fig. 3). For analysis the Hall method of quantitative anal- 
ysis was employed; this method determines relative mass fractions (R-value) from the ratio 
of characteristic counts to continuum. Continuum counts were recorded from within the en- 
ergy range of 4:60 through 6.00 keV. Background radiation was subtracted from the spec- 
trum by means of a "top hat" digital bandpass filter technique. Application of this 
function was done on line by use of a relatively simple interactive Fortran program on a 
PDP-11/03 computer. Corrections for extraneous or escape peaks were unnecessary since 
there were no extraneous characteristic x-rays or escape peaks in the spectrum. The 
weight fraction of water in specimens analyzed was calculated by two general methods. 

The first was based on the proportionality between continuum and total mass, which is in 
turn based on the relative consistency of the average atomic numbers and biological tis- 
sue. The second method was based on the change in weight fraction (R-value) of an element 
normally present in the section. Standard curves for P, S, Cl, K, and Ca were prepared by 
addition of 2 g of PVP (40 000 MW) to 8 cc of standard solutions of NaCl, KSCN, KH»>P0,, 
CaClp. Frozen droplets of these solutions were sectioned at -40°C and analyzed in the 
frozen hydrated state, after which they were dried in the microscope by a raise the stage 
temperature to -50°C for 45 min. The stage was then recooled to -175°C and the sections 
reanalyzed. The relative mass fractions (R-values) of these sections were found to be 
linear functions of the independently measured absolute weight fractions (Fig. 4). Water 
fraction as measured by the ratio of hydrated R-value to dried R-value was found to be 
within 4% of that determined gravimetrically. Calculation of water fraction from contiuum 
ratio was less accurate than the R-value method. 


Summary 


X-ray analysis of defined tissue compartments in frozen hydrated specimens showed dis- 
tinct and characteristic patterns of elemental distribution (Table 1). Similar patterns 
can be observed in sections after drying. Peak to background ratios in hydrated sections 
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FIG. 4,--Standard curves obtained during 
X-ray microanalysis of frozen hydrated 
(closed circles) and frozen dried (open 
circles) sections cut from frozen droplets 
of standard solutions. 
sents mean of six determinations + stan- 


dard deviation. 


Each point repre- 


In physiologic range R- 


value for each element increased as linear 
function of measured weight fraction (Na, 


R = 0.9332; Cl, R 


0.9934; S, R = 0.9979; 


R, R = 0.9811: K, R = 0.9972; Ca, R = 


0.9961). 


are sufficient for qualitative and quantita- 
tive analysis. Comparison of the relative 
mass fractions in the hydrated state with 
those in the dried state from the same com- 
partment permit quantitation of the water 
fraction present in that compartment. The 
overall performance of this method is within 
10% of expected. Considering the small size 
of the analytical compartment this should 
permit wide use of this exciting analytical 
approach to direct analysis of intracellular 
elemental compartments. 
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TABLE 1.--Elemental concentration (mM/kg wet wt.) measured by x-ray microanalysis in rat 
renal papillary compartments. * 
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ULTRASTRUCTURAL EXAMINATION OF UNSTAINED BALB/3T3 CELLS BY SOFT X-RAY 
CONTACT MICROSCOPY 


N. Baturay-Smith and R. Feder 


Cell cultures provide valuable experimental tools for many biological disciplines, includ- 
ing toxicology, genetics, cytology, most extensively virology, and recently chemical carci- 
nogenesis. The efficacy of cell-culture techniques in these areas relies, at least in initial 
analyses, on morphological variations. Recent advances in oncological research have been 
utilizing cell cultures with increasing success to study effects of compounds found in 
the environment that may cause or contribute to the cause of chemically induced cancers. 

When cell cultures, most notably mouse and hamster cells, are exposed to chemicals 
such as the polycyclic aromatic hydrocarbon benzo(a)pyrene, a radical alteration in co- 
lonial and individual characteristics occurs. Cellular alterations of malignant cells 
result in populations that, in contrast to normal cells, do not appear to recognize or 
influence each other. This alteration may ultimately comprise a significant component 
of the invasion mechanisms shown by tumor cells, including their entry into vascular 
channels and subsequent transport through normal tissue boundaries.! The behavioral dif- 
ferences observed between transformed and normal cells may be due to a redistribution of 
cytoskeletal microtubules. 2 

Detection of changes that take place early in the transformation process would in- 
deed be of considerable value in these types of studies. It is the early changes that 
have been most difficult to visualize. Scanning electron microscopic (SEM) techniques 
have been used to detect cytoskeletal microtubular changes in cells that have rather well- 
defined morphological transformation markers.* What is needed at this stage, therefore, 
is a new technique that offers high resolution by which cellular fine structure can be 
visualized. 

It appears that a new technique--soft x-ray contact microscopy (SXCM)--may offer a 
new way to image intact cells at resolutions approaching 4 to 30 nn.? The cultures im- 
aged in this study appear to have the clarity of structure necessary for observations of 
early ultrastructural modifications of celis treated with carcinogens. Therefore, based 
on these preliminary studies with Balb/3T3 mouse cells, a new method for imaging cell 
cultures at high resolution with few artifacts may be afforded by SXCM. 


Materials and Methods 


Confluent Balb/3T3 cell cultures (American Type Culture Collection, Rockville, Md.; 
CCL#163) were removed from 75cm? Corning polystyrene flasks by treatment with 0.25% tryp- 
sin. The cell suspension was centrifuged at 1000 rpm. Following resuspension in Minimum 
Essential Medium, Eagle, supplemented with 10% newborn calf serum (GIBCO; Grand Island, 
N.Y.), 10° cells were seeded onto 60mm Falcon plastic Petri dishes containing sterile sili- 
con nitride windows. The cultures were then incubated at 37°C in a humid, 5% C05, 95% 
air atmosphere. Following 5 days of incubation, windows were removed, fixed with 3% glu- 
teraldehyde in 0.1 M Hepes buffer, dehydrated with ethanol, and air dried. + 

Specimens on silicon nitride windows were exposed for 18 hr to carbon Ka soft x rays 
emitted from a stationary target source. A silicon wafer, uniformly coated with photo- 
resist (lum polymethylmethacrylate or PMMA) was placed against the silicon nitride windows 
to form a sandwich with the specimen. This arrangement affords imaging onto the photo- 
resist-coated wafer and leaves the cells intact on the original specimen. Thus, the 


Author Baturay-Smith is at NYU's Department of Environmental Medicine, New York, NY 
10016; author Feder is at the IBM Watson Research Center. This study was supported in 
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Grant ES00260. We acknowledge the technical advice and encouragement of Dr. B. J. Panessa- 
Warren, and the assistance of Drs. B. L. Van Duuren and T. Kneip in the biological aspects 
of the study. 
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soft x rays penetrate the silicon nitride window and are differentially absorbed by the 
cells. The underlying photoresist is exposed in the areas where the x rays penetrate 
the specimen, causing chain scissons in the PMMA. The dense areas of the specimen do 
not permit x-ray exposure of the underlying photoresist.°’® 

Following exposure, the photoresist was chemically developed in a 1:5 mixture of iso- 
propanol and isobutyl ketone, respectively, for 3 min and observed through a Leitz inter- 
ference contrast microscope with Nomarski optics. Prior to SEM examination, the developed 
contact replicas of the cells were sputter coated with AuPd by means of a Denton 505 sys- 
tem. Scanning images were taken on a JOEL 35 SEM at an accelerating voltage of 25 Kv, 
45° tilt. 


Results and Dtscusston 


Figures 1 and 2 were photographed with an interference microscope. Phase differences 
that result from small differences in the refractive index and thickness of various parts 
of the cells afford higher contrast than either phase contrast or the usual light-micro- 
scopic techniques. These variations in phase make specimens appear stained. 

Figure 1 is the original colony of 3T3 cells grown on a silicon nitride window. 

The nucleus appears fairly well defined in most cells, with several, often vaguely out- 
lined, nucleoli present. Cytoplasmic detail seems to be lacking and cell-cell contact 

regions are also absent or not clearly discernible. The slightly darker area F, is the 
"frame'' of the window and the lighter area W is the window itself. 

Figure 2 is the replica on the photoresist-coated wafer, following exposure to soft 
xX rays, and is also a mirro image of Fig. 1. No image was formed in the region of the 
frame that did not permit x-ray transmission; the frame F appears blank and only the area 
W that permitted transmission of x rays has a contact replica of the cells. 

Because the specimens remain intact on the original window, following exposure to 
x rays, the question of transference of specimen from original window to photoresist 
coated wafer is eliminated. 

Figure 3 is an SEM of two adjacent cells that appear on the replica. Many intracel- 
lular details are now evident. These intracellular inclusions may represent sites of ac- 
cumulations of higher atomic number in the cytoplasm. The outline of the nucleus is 
clearly defined and appears to have a higher relief than the surrounding membrane, prob- 
ably owing to a combination of dense collections of materials, as well as materials with 
higher atomic numbers. ‘The highest areas are perhaps due to the absorption of incident 
x rays by the thickness of the materials present. Contrast formation with soft x rays 
is not due to the presence of stains, but depends solely on the differential SpsOrpELon 
of soft x rays and subsequent differential exposure of the underlying photoresist. 

In Fig. 4, the two dense areas D seen in Fig. 3 appear at this higher magnification 
: to be an incorporation of exogenous material by the cell. However, further controlled 
studies are required to clarify and define this observation. Figures 4 and 5 show micro- 
filamentous cytoplasmic extensions X that are also apparent in the areas of cell-cell con- 
tact, and may be areas of cellular communication. If that is so, these areas may be re- 
sponsible for the intercellular behavior exhibited by normal and transformed ceils. Mi- 
crofilaments M are clearly defined in Figs. 3 and 4, and demonstrate the cytoskeletal 
elements involved in defining cell morphology. 


Conelustons 


Soft x-ray contact microscopy appears to be an effective new technique for viewing 
intact cells at high resolution. This method allows visualization of detailed ultra- 
structural events achieved by differential absorption of soft x rays resulting in an 
atomic number related topographic image revealing intracellular detail. Staining and 
sectioning artifacts are avoided and the original specimen following exposure remains 
intact and undamaged, which is also an important consideration as the x-ray exposure 
time and solvent developing time may be varied to allow further detailed delineation of 
intracellular structures as well as any surface changes due to experimental conditions. 

With the advent of available synchrotron exposure time, it will be possible in the 
future to examine hydrated, viable cells at high x-ray doses and short exposure times. 
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FIG. 1.--Interference micrograph (100x) of 
Balb/3T3 cells grown on silicon nitride 
windows. Original specimen foliowing ex- 
posure to soft x rays. 
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FIG, 2.--Interference micrograph (100x) of 
cell replica on photoresist-coated silicon 
wafer following exposure of original speci- 
men to soft x rays. 


FIG. 3.--SEM (800x, 45° tilt) of two ad- 
jacent cells (replica). Note higher re- 
lief of membrane around nucleus N and 
nucleoli NU. 


F - FRAME 

W - WINDOW 

D - DENSE AREA 

N - NUCLEUS 

NU- NUCLEOLI 

X - CYTOPLASMIC EXTENSIONS 

M - CYTOSKELETAL MICROTUBULES 

+ - BACKGROUND/CELL REPLICA INTERFACE 


Seo 


FIG, 4,--SEM (2500x, 45° tilt) of two ad- FIG. 5.--SEM (5000x, 45° tilt) of cyto- 
jacent cells in replica of Fig. 3 showing plasmic extensions (X), readily seen in 
cytoskeletal events (M and X). Dense this replica at higher magnification. 
areas that may represent phagocytized 

material also seen more clearly (D). Note 

well-defined background/cell interface 

(arrows). 
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MICROANALYSIS OF THE ELEMENTAL DISTRIBUTION OF URINARY CALCULI 
B. E. McConville 


Urinary calculi (kidney and bladder stones) have been examined by means of the scanning 
electron microscope (SEM) with accompanying x-ray microanalysis and proton-induced x-ray 
emission spectroscopy (PIXE). The complementary techniques show considerable promise 
for the study of urinary calculi and some interesting correlations have been achieved. 
Because of the frequent occurrence of urinary calculus formation and the resultant 
morbidity, more information regarding the pathogenesis of the disease is urgently re- 
quired.! Most people have, apparently, the conditions within themselves for stone 
growth but it is still unknown why they actually nucleate in any one person.? Study of 
the stone composition and structure is of prime importance from the therapeutic and pro- 
phylactic viewpoint.* Furthermore, it seems inescapable that the composition of the 
stone's nucleus or nidus must bear a fundamental relationship to causation and it is un- 
derstood that this nucleating process may be caused by trace amounts of 'foreign bodies. '* 
Since these trace amounts have been hitherto undetectable by so called 'ordinary' chemi- 
cal analysis, the more sensitive techniques of SEM with accompanying x-ray microanalysis 
and PIXE have been employed. The PIXE technique has been developed as a method for quan- 
titative analysis of biological material for trace and minor elements.° 


Experimental Procedure 


Calculi sections were evaporated with gold or carbon and analyzed in a Cambridge S4 
SEM, which was equipped with an energy-dispersive x-ray analysis system for routine si- 
multaneous elemental analysis of each specimen. 

Birmingham Radiation Centre's Dynamitron (Fig. 1), which is a 3MV high-current Cock- 
croft-Walton accelerator, was used to produce a beam of protons incident upon calculi 
sections; Fig. 2 shows a schematic diagram of the target assembly. The characteristic 
x-ray yield is proportional to the elemental concentration seen by the proton beam in 
the region of the stone through which the beam has passed. The yield varies linearly 
with trace concentrations (less than about 500 ppm). The x rays produced were deter- 
mined by means of a Si(Li) detector on line to a computer; peak recognition was obtained 
directly. 


Results 


Since space does not permit a large presentation of results, an interesting illustra- 
tion of the complementary techniques is shown here. A calculus supplied as a so-called 
‘pure! uric acid stone by University College, London, was analyzed on the SEM and the 
nuclear region was found to exhibit a degree of epitaxy (Fig. 3). Epitaxy is the growth 
mechanism of one crystal on the face of another and is believed to be one of the possible 
growth mechanisms of urinary calculi.® However, from the x-ray analysis of this area of 
stone, and indeed across all sections of the stone, no unexpected trace elements were 
found. The same stone analyzed by PIXE was found to contain trace amounts of sulfur, 
chlorine, potassium, calcium, and iron (Fig. 4). 

Detailed ultrastructural analysis by the electron microscope has demonstrated mech- 
anisms of stone growth in many calculi, which has been of particular significance in the 
nuclear regions. The x-ray microanalysis technique, whose sensitivity is of the order 
of 0.5%, has been augmented in many analyses by the sensitivity of the PIXE technique, 
when the limits of determination are in parts per million. These low levels of trace 
elements have been undetectable by previous methods of stone analysis. The full poten- 
tial of the techniques has not yet been realized but it is expected that further detailed 
analyses will lead to a better understanding of the pathogenesis of stone formation. 


The author is in the Department of Physics of the University of Birmingham, England, 
BLS 27 T: 
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ELECTRON ENERGY-LOSS ANALYSIS AND ITS BIOLOGICAL APPLICATIONS WITH SPECIAL 
REFERENCE TO MUSCLE © 


Henry Shuman, A. V. Somlyo, and A. P. Somlyo 


Electron energy-loss analysis (EELS) is currently evolving as a practical technique for 
the characterization of biological materials!~© through the following three major ap- 
proaches: (1) elemental analysis based on the measurement of absorption edges due to 
core shell excitations;’~9 (2) detection of chemical bonding states and nearest-neighbor 
relationships revealed in the low (0-l0eV) energy loss region of the apecr rum and the 
near absorption edge and extended edge (EXELFS) fine structure!?+°5°8219; and (3) imag- 
ing of compositional contrast through elemental or molecular mapping at, respectively, 
the absorption edges}?°°12213 or fine structure features.!9 The potential for single- 
atom discrimination through EELS has been anticipated.!! Electron energy loss analysis, 
for the present, is complementary to energy-dispersive electron probe analysis (EDS) in 
biology. However, EDS provides only atomic (elemental) , but not molecular (nearest- 
neighbor) information, does not detect elements of Z < 11 (except with windowless detec- 
tors), and is also more limited than EELS in geometric detection efficiency and by the 
relatively low fluorescence yields of low-Z materials. Furthermore, the computerized 
fitting routines required for separation of overlapping peaks that occur in biological 
X-ray spectra, such as the overlap of the K and Ca K lines, are not readily adapted for 
x-ray mapping and reduce the sensitivity of Ca measurements in the presence of physio- 
logical concentrations of potassium.!+?!> In view of the importance of calcium as a reg- 
ulator of muscle contraction and our interest in this system,!°’!® we have began to ex- 
plore the use of EELS for the detection of Ca through its L-edge spectrum. In addition, 
we also present preliminary observations on L-edge fine structure observed with EELS. 


Euepertmental Arrangement 


The spectrometer used for these experiments!’ is a second-order aberration-corrected 
magnetic prism, and is mounted on a Philips field~emission-gun-equipped EM400. The elec- 
trons are detected with a CaF(Eu) scintillator and photomultiplier, and the signal is 
digitized with a Teledyne 4707 voltage-to-frequency converter. The magnet ramp generator 
and a 50 MHz counter for the converter output were built onto a Unibus interface card for 
a PDP 11/34 computer. The 11/34 is further used for data storage and manipulation. 


Elemental Analysts 


The detection and quantitation of calcium, as mentioned earlier, is an important prob- 
lem in determining the mechanism of excitation-contraction coupling and contractile acti- 
vation in muscle. Aithough EDS x-ray analysis has provided useful information on calcium 
concentrations in muscle, low collection efficiency and Ca Ka overlap with the K-K6 peak 
can make this analysis difficult. Preliminary measurements with EELS indicate a substan- 
tial improvement for Ca detection. Figure 1 shows an EELS and an EDS spectrum of, respec- 
tively, the Ca K edge and the Ka8 x-ray peak taken ‘simultaneously from an evaporated film 
of CaO. The EELS Ca spectrum was taken with 20eV resolution to increase the signal. . The 
estimated number of electrons and the number of x rays in the two spectra are approximately 
equal. Figure 2 shows the EELS spectrum of the Ca Ly and L3 edges and an EDS spectrum 
taken from the same area of a CaO film. The scale of the EELS spectrum was compressed by 
a factor of 512, otherwise the spectra were acquired under identical conditions (total 
time and probe parameters). The minimum detectable mass of Ca is clearly lowest for the 
EELS Ca Lo 3 edge measurement, whereas the Ca K edge and Ca K x-ray peak have roughly 


The authors are at the Pennsylvania Muscle Institute and the Departments of Physiology 
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equivalent minimum detection masses in fair agreement with previous calculations.! For 
trace elemental measurements, as in biological specimens, the minimum detectable concen- 
tration is a more important parameter. EELS and EDS measurements were performed on the 
terminal cisternae of frog striated muscle. Many previous EDS spectra have been taken 
for this system and its calcium concentration is well known.!5’!& The specimens were 
ultrathin cryosections of rapidly frozen bundles of frog semitendinosus muscles. De- 
tailed description of preparatory techniques have been published.!® EELS spectra were 
taken from a 400A spot at the center of a frog T.C. and again from a neighboring region 
of cytoplasm, known to contain very little Ca. The spectra were scaled to match in the 
energy loss region preceding the Ca Ly 3 edges and subtracted. The resulting spectrum 
is shown in Fig. 3. The number of electrons detected in a 46eV region under the edge 
is estimated to be S = 0.41 x 10® electrons; the number of electrons in the same region 
of the unsubtracted TC spectrum was S + B = 20.0 x 10© electrons. The signal-to-noise 
ratio for the EELS spectrum can be estimated to be 


S/N = S/(S + B)!/2 = 90 


3940 EV 4340 314 EV 383 

FIG, 1.--Ca K edge and Ca Ka,8 peak from FIG. 2.--Ca L edge and Ca Ka,8 peaks from CaO 
evaporated CaO film, taken simultaneously film taken from the same area, each for 250 

in 100 sec. EELS spectrum shows the en- sec. ‘The EELS spectrum covers the energy loss 
ergy loss region 3940 < E < 4340 eV and region 323 < E < 383 eV at = 2 eV resolution 
was taken with a half acceptance angle and 8 = 17 mrad. 


referred to specimen of 8 = 125 mrad, and 
20 eV resolution. ; 


The x-ray-determined concentration and estimated standard deviation o, of Ca in this 
T.C. was obtained from the EDS spectrum to be 


[Ca] = 120 mmol/kg dry wt. + 4.6 (x ray) 
so that for the EELS measurement, if we assume? o¢ (EELS) = [Ca]/(S/N) pris; 


[Ca] = 120 mmol/kg + 1.3 (EELS) 


For calcium, at least, the EELS has a 3 times smaller error and consequently a 3 times 
smaller MDC. If the 128 channels of EELS spectra had been collected in parallel rather 
than serially, the MDC could be reduced by a further factor of (128)!/% = 11, or for 95% 
confidence limits 

Ca MDC = 0.23 mmol/kg 


Similar measurements were performed 
for the P concentration of the cytoplasm 
of frog semitendinosus muscle. EDS and 
EELS spectra of, respectively, the phos- 
phorus K peaks and the K-edge (2145eV) 
energy loss were obtained simultaneous- 
ly. The EELS spectrum was taken with an 
energy resolution of 20 eV and g = 125 
mrad. A subsequent EELS spectrum of ex- 
tracellular space of approximately 
equivalent mass thickness and known to 
contain a minimal amount of P was used 
to subtract the cytoplasm background. 
The number of electrons detected in a 
240eV region under the P K-edge was es- 

werent iii timated to be S = 0.10 x 108 electrons; 
394 EV 3904 the number of electrons in the same re- 
gion of unsubstracted cytoplasm was 
S + B= 5.6 x 10® electrons or 


FIG. 3.--Background subtracted EELS spectrum 


from terminal cisterna in freeze-dried, ul- S/N = 42 

trathin cryosection of frog semitendinosus 

muscle taken in 100 sec, for the energy re- The x-ray-determined concentration 

gion 333-393 eV with 6 = 8 mrad. of cytoplasmic phosphorus and error 
were 


[P] = 212 mmol/kg dry wt. + 5.9 (x ray) 
so that for EELS the concentration would be 
[P] = 212 mmol/kg + 5.0 (EELS) 


Fine Structure 


The ability to distinguish chemically different atomic species, or to determine mo- 
lecular composition on a microscopic scale is perhaps the most exciting potential of 
EELS. Figure 4 shows two superimposed EELS spectra of the sulfur Lo3 edge at = 165eV 
energy loss. The dotted spectrum was obtained from thin crystals of elemental sulfur 
deposited from ethyl alcohol solution, whereas the solid spectrum is for crystals of 
NaoSO,. The L-edge of pure sulfur is broad, as expected from theoretical prediction for 
atomic sulfur, whereas the edge for the sulfate has three strong peaks presumably due to 
the four coordinated oxygen atoms. The phosphorus L edge shows a similar effect. Figure 
5 shows the P Lo 3 edge at = 132eV energy loss for a thin film of phosphoric acid. The 
multipeak structure is again presumably due to the coordinated oxygens. 


Coneluston 


For elemental analysis of low concentrations of calcium in thin sections of muscle, 
electron energy-loss spectrometry of L-edge losses is more sensitive than energy-disper- 
sive x-ray analysis, even when the EELS data are collected with the information waste as- 
sociated with serial collection. With parallel collection of EELS spectra, the predicted 
minimum detectable concentration of calcium is 0.23 mmol/kg for a 250sec collection and 
for a cryosection = 1000A thick (= 2.5 x 107© gram/cm* dry). For thicker sections the 
shape of the background near the carbon K-edge becomes thickness sensitive, which makes 
accurate background subtraction far more difficult. Even this difficulty may be over- 
come with the deconvolution of multiple scattering effects. ?}? 

Quantitation from the K-edge losses of the elements Na to Ca is not as severely af- 
fected by thickness dependent variations in background. Our preliminary results with the 
P K-edge spectra agree with the prediction (1) that EELS in the serial collection mode is 
as efficient for P analysis as EDS. 
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116 EV 262 «116 EV 262 


FIG. 4.--EELS spectra of sulfur (dotted FIG. 5.--Phosphate (H3P0,) Lo3 edge at 132 


line) and sulfate (Na 2S0,) over energy eV and L, edge at 189 eV. Spectra were col- 


region 125-262 eV with 8 = 8 mrad. The lected for 100 sec, at 6 = 8 mrad. 
carbon support film background was sub- ; 
tracted in both cases. 


Measurements of the carbon K-edge for various nucleotide bases showed dramatic vari- 
ations of near edge fine structure (1). The P and S Lo 3-edges for the phosphate and 
sulfate ligands also show fine structure. It is almost’ certain, however, that in order 
to measure L-edge fine structure, multiple scattering effects must be eliminated with 
deconvolution procedures!9 or by use of ultrathin sections. 
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ELECTRON SPECTROSCOPIC IMAGING AND ELECTRON ENERGY LOSS SPECTROSCOPY: HIGH-RESOLUTION 
MICROANALYSIS OF BIOLOGICAL SPECIMENS 


F., P, Ottensmeyer, D. P. Bazett-Jones, and K. M. Adamson-Sharpe 


The elemental analysis of specimens in the electron microscope has to the present gen- 
erally been carried out by means of a focused electron probe coupled to an x-ray detec- 
tor. Minimum sensitivities of 10719 g and spatial resolutions of 5 nm have been esti- 
mated for this technique, though practical values of about 5 x 107!9 g and 50 nm have 
had to be accepted owing to physicostatistical limitations.1!°2 

A technique complementary to x-ray microanalysis is the use of the information car- 
ried by the electrons that have originally caused the x-ray excitation in the specimen: 
electron energy-loss spectroscopy along with electron spectroscopic imaging. In this 
technique electrons that have passed through the specimen are first dispersed to form a 
high-resolution energy spectrum, generally by means of a magnetic spectrometer. The 
spectral information is then analyzed directly, or the signal from a specifically chosen 
part of the spectrum is passed on to form an image. The technique is not new; it was 
developed and examined in part for metallurgical use by Castaing, one of the early work- 
ers in microprobe analysis. ? 

The analysis can be carred out with a scanning system, in which case it is very simi- 
lar in operation to x-ray microanalysis, except that energy-loss spectra are recorded, 
or raster images are produced with the signal at a preselected energy loss.* Alterna- 
tively, an imaging spectrometer in a fixed-beam electron microscope can produce spectra 
of localized regions or display images filtered simultaneously over their entire extent 
at a selected energy loss.2°77 

We have built such an imaging spectrometer into a Siemens Eimiskop 102 and examined 
its capabilities on several demonstrative biological specimens. The spectrum of a thin 
layer of hematin (Fig. 1) shows a 3eV loss in the low energy region, corresponding to 
the 400nm molecular absorption of the porphyrin ring structure in the visible region. 
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FIG. 1.--Electron energy-loss spectrum of 

thin film of hematin on thin carbon foil. thin section of unstained purified concen- 
trated murine leukemia virus taken with 
energy loss of 150 + 7 eV. 
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Further out the strong carbon K-absorption, due both to the porphyrin molecule and the 
supporting carbon film, is followed by the K-edges of nitrogen and oxygen and the L-edge 
of iron, which identifies the atoms in hematin except for hydrogen. 

Figure 2 shows an electron-spectroscopic image of a section of unstained murine leu- 
kemia virus taken with an energy loss of 150 + 7 eV, an energy just above the phosphorus 
L-edge at 128 eV. Spatial resolution of the energy loss selected image is so good that 
the phospholipid-containing bilayer of the membrane of the virus is well resolved in por- 
tions where the membrane is sufficiently perpendicular to the membrane, Analysis of den- 
sitometer traces of thirty resolved bilayers indicated that one-third of them showed 
peaks with a full width at half height that was less than 0.5 nm; the separation between 
the peaks was around 5.0 nm. 

The electron energy-loss spectrum, except for the low-energy region, is basically an 
electron distribution that decreases continuously with energy. Superposed on this con- 
tinuum are stepwise increases in intensity at positions corresponding to the electron 
absorption edges of the atomic elements in the specimen (Fig. 1). An electron-spectro- 
scopic image (ESI) with an energy loss just above the phosphorus L-edge, such as Fig. 2, 
is therefore not an elemental map of the chosen element, but contains structural informa- 
tion from the continuum as well. To obtain a measure of the contribution of this contin- 
uum, one must take a reference ESI with an energy loss just below the chosen absorption 
edge. The difference between the two ESIs then constitutes the desired elemental map. 
This process is demonstrated for ESIs of unstained nucleosomes taken above and below the 
phosphorus L-edge at 128 eV (Fig. 3). The images were digitized, aligned by computer- 
assisted crosscorrelation, normalized in the background region, and subtracted. The re- 
sulting phosphorus distributions, corresponding to the DNA distribution within the nu- 
cleosome, is shown in Figs. 3{c) and 3{g). Corresponding sketches of the interpretation 
of the coiling of DNA, consistent with the conformation suggested by Finch et al., are 
shown in Figs. 3(d) and 3(h), respectively. ® 


FIG. 3.--Elemental mapping of phosphorus in calf thymus nucleosomes by numerical subtrac- 
tion of digitized electron spectroscopic images taken at 155 + 7 eV (a and e), 105 + 7 eV 
(b and f). Net phosphorus images (c and g). Interpretation of DNA coiling (d and h). 
Total size 40 nm, 


Quantitative analysis of similarly obtained phosphorus distributions from images of 
the membranes of the murine leukemia virus shown in Fig. 2 indicated that a mass of phos- 
phorus of 7 x 10-2! g had been detected in a single layer of membrane 5.0 nm long (length 
of densitometer slit referred to specimen) in a section thickness of 30 nm. 
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Thus, electron energy-loss spectrometry coupled with electron spectroscopic imaging 
appears to be a rather useful microanalytical technique for biological specimens, with 
superb spatial resolution and detection sensitivity. It complements x-ray microanalysis, 
since its strongest signals are obtained at lower energies, corresponding to absorptions 
from light elements such as boron, carbon, nitrogen, oxygen, phosphorus, sulfur, or cal- 
cium. 

Although spatial resolution, sensitivity in electron spectroscopic imaging, and elec- 
tron spectral analysis of specimens consisting of light elements were demonstrated here 
by means of a fixed-beam instrument, a high-resolution transmission scanning microscope 
with electron-energy analyzer should produce similar results. Nevertheless, convention- 
al fixed-beam imaging, lack of contamination problems, and, at present, the rather larger 
number of picture points of photographic recording compared with the number of lines per 
image in scanning may be cited as advantages of the fixed-beam system. In both systems, 
however, energy-selected images are produced by high-energy electrons scattered in a for- 
ward direction. Therefore, elemental maps with high spatial resolution can be produced 
even in specimens that contain small elemental signals immediately adjacent to large con- 
centrations of the same element, a particularly difficult case in x-ray microanalysis. 
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LOCALIZATION AND QUANTITATION OF SODIUM, POTASSIUM, AND CALCIUM IN GALACTOSE-INDUCED 
CATARACTS IN RATS BY SECONDARY-ION MASS SPECTROMETRY (SIMS) 


M. S. Burns and D. M. File 


Cataract was induced in young Sprague-Dawley rats by a diet of 3% d-galactose. The cata- 
ract progressively developed from cystic, water-cleft spaces at the equator and spread 
both anteriorly and posteriorly in the subcapsular cortex until at 15-16 days a dense 
nuclear opacity occurred. Localization and quantitation of ions was followed separately 
in cortical and nuclear areas by secondary-ion mass spectrometry (SIMS) of freeze-dried 
lenses. 

A homogenous distribution of sodium, potassium, and calcium in normal lenses was vis- 
ualized with ion images. Rubidium was also present and distributed homogeneously. Local 
variations in Na, K, and Ca were present in cataractous lenses. 

Quantitation by ion counting showed a rapid loss of K from the cataractous lens cor- 
tex that plataued at ca Day 15 of feeding. The loss of K was dependent upon cataract de- 
velopment in a localized area. Na values in the cortex rose dramatically from Day 6 to 
Day 17 without an indication of saturation. In the nucleus, Na increased rapidly in the 
same time period but exhibited a shallower gradient beginning at ca Day 15. Ca in the 
cortex remained normal until approximately Day 14 when it rose to 5 times the normal val- 
ue. Nuclear Ca values rose sooner but reached the same final concentration as the cortex 
(ca 4 mmoles/kg). Values of Na, K, and Ca were variable within cataractous areas, es- 
pecially during early cataract development. 

The data are consonant with a spatially progressive disruption of lens cell membrane 
activities responsible for Na, K, and Ca balance in the normal lens. 


Author Burns is with the Department of Ophthalmology and Biochemistry, Albert Einstein 
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PROTON-INDUCED AND X-RAY INDUCED FLUORESCENCE ANALYSIS OF SCOLIOTIC TISSUE 
B. J. Panessa-Warren, H. W. Kraner, K. W. Jones, and L. S. Weiss 


Adolescent idiopathic scoliosis is characterized by a curvature or asymmetry of the spine 
which may become progressively more severe, with clinical symptoms appearing just prior 
to, or during, puberty. The incidence for scoliosis in the 12-14 age group has been re- 
ported as high as 10%, with more than 80% of the cases occurring in females. ! Although 
pathologic changes exist in muscles from both sides of the spinal curvature, and "no sta- 
tistically significant side differences have been reported,'' morphologic changes suggest 
that the concave side is the most affected.* This paper reports our preliminary data on 
the elemental composition of individual muscle fibers derived from convex, concave, and 
gluteal muscle, and erythrocytes from scoliotic and normal patients, analyzed by proton- 
induced x-ray emission (PIXE) and x-ray fluorescence spectroscopy (XRF). A new type of 
specimen holder was designed for this study that offers low x-ray background, minimal ab- 
sorption, and maintenance of a moist environment around the specimen. 


Methods 


The muscle fibers used in this study were obtained from residual muscle tissue re- 
moved during surgery to correct curvature of the spine. Small samples (8 x 4 mm) of 
paraspinal muscle tissue (from a female of 18 with idiopathic scoliosis), was removed 
on the convex and concave sides of the spine at the apex of the curvature during correc- 
tive surgery. A specimen from the gluteus maximus was also removed for analysis. After 
excision, the tissue was immediately fixed in 3% glutaraldehyde in 0.1 M cacodylic buf- 
fer (pH 7.4) at room temperature for 3 hr. The fixative was then removed and replaced 
with fresh fixative and the specimens were stored in fresh fixative for 3 days at 4°C. 

We separated individual muscle fibers by dissecting away the outer layers of muscle 
tissue that had come in contact with the scalpel during surgery. Wooden and glass dis- 
section instruments were used to prevent metal contamination of the muscle fibers. The 
isolated muscle fibers were washed in buffer and placed on a formvar film stretched a- 
cross a 25mm-diameter hole of a lucite frame (Fig. 1). 

Lucite frames 30 x 30 x 1 mm were washed several times in glass-distilled, deionized 
water. A formvar film (40-70nm thick) was placed across the lucite frame, and stretched 
across the central circular opening in a uniform sheet. The muscle fibers, which had 
been placed in the center of this formvar diaphragm with some fresh buffer, were covered 
with an equally thin sheet of formvar, forming a formvar sandwich that sealed the fibers 
within a marginal bubble of buffer (Fig. 1b and c). Two muscle fibers from the gluteus 
maximus, and two sets of muscle fibers from convex and concave paraspinal muscles, were 
analyzed in this way. 

The muscle fibers were scanned with a proton microprobe?’* in air using 2.5MeV pro- 
tons to stimulate characteristic x rays from elements within the sample. The x rays were 
detected with a high-resolution Si(Li) energy-dispersive spectrometer placed about 1 cm 
from the sample, which was itself placed 2 mm (or less) from the emergent port of the 
Van de Graaff accelerator (Fig. lc). The beam spot available in this mode is about 25 um 
and scans of the fibers were made at about 0.1mm intervals along the fibers. Energy and 
concentration calibrations were carried out by means of commercially available trace ele- 
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Kraner and Jones are also at Brookhaven; and Weiss is at the Department of Orthopedic 
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ment standards in a representative matrix. Data analysis was carried out by standard 
computer integration of spectral areas. Unfortunately an anomolously high x-ray back- 
ground was present in addition to copious arsenic characteristic x rays from the buffer, 
and little information above 8 keV (Z > 29) could be obtained by the scans. However, 
the samples remained intact and viable, albeit somewhat dehydrated--a problem discussed 


below. 
X-Tay 
cetector 


A 


FIG. 1.--A lucite frame (A) with a circular opening (35mm diam.) is covered with thin 
formvar film. Muscle fibers are placed in center of formvar window (B) and coated with 
another layer of formvar. Trapped buffer accumulates around muscle fibers and keeps them 
moist throughout proton beam excitation (C). 


The samples were then irradiated by a broad, uniform beam of protons in vacuum in a 
standard PIXE system having somewhat greater elemental sensitivity (down to a few parts 
per million for many elements), particularly for lighter elements (Z < 26). The samples 
were also studied by XRF with a hardened, filtered x-ray beam from an x-ray tube-Si(Li) 
detector system. This XRF system is complementary to the PIXE system in that its sensi- 
tivity emphasizes elements with Z > 26. 

Since adolescent idiopathic scoliosis is believed to have a genetic as well as en- 
vironmental etiology,/ it appears feasible to assume that the genetic defect may express 
itself in tissues of the body other than the musculoskeletal system. To determine wheth- 
er any unusual electrolytes could be found in the blood of scoliotic patients, clotted, 
heparinized, and glutaraldehyde fixed (1.5% in 0.1M cacodylic buffer) preparations of 
whole blood were placed on formvar-lucite frames and analyzed by PIXE and XRF. Initial 
trials demonstrated that fixation increased the elemental background and did not preserve 
sufficient sample integrity to warrant its use. Subsequent blood samples were collected 
with, and without heparin, and centrifuged in hematocrit capillary tubes to separate the 
erythrocytes from leukocytes and serum. A 2-5 ug aliquot of blood was smeared onto the 
formvar (90nm thick) window, and all samples were analyzed for about 20 min by PIXE and 
about 60 min by XRF. Twenty-one blood samples were surveyed, with donors ranging from 
12 to 34 yr. 


Results and Dtscusston 


By XRF analysis, Yarom et al.° reported somewhat high copper and zinc concentrations 
in freeze-dried thick sections of scoliotic muscle, when compared to normal specimens. 

He notes that convex muscle reveals somewhat higher calcium levels than the concave para- 
spinal tissue, and significantly less calcium than observed in glutei. 

The spectra we observed from hydrated muscle fibers analyzed by PIXE and XRF show no 
significant variations in calcium, phosphorus, zinc, or copper x-ray events emitted from 
convex, concave, or glutei muscle fibers. However, the muscle fibers from the concave 
sample reveal spectra with small selenium (Se) K, (11.21 keV) and Kg (12.49 keV) x-ray 
events. Initially it was not possible to distinguish the Se signals from the arsenic 
(As) Ky (10.54 keV) and Ke (11.72 keV) x-ray events produced by the cacodylate buffer. 
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FIG, 2.--Proton-induced .x- 
ray emission (PIXE) spectra 
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By reseting the gain to maximize Se signal above background using PIXE, we observed the 
Se. XRF spectroscopy supports the PIXE data and reveals no Se signal from gluteal muscle 
fibers, and significant Se signal from concave, and to a lesser extent, convex muscle fi- 
bers (Figs. 2 and 3). After 2 days of observation, the muscle fibers became desiccated 
owing to the presence of minute pores in the formvar. We later learned that one can pre- 
vent porosity by using only anhydrous ethylene dichloride to dissolve the formvar, there- 
by eliminating water vapor contamination. Subsequent experiments with rabbit muscle fi- 
bers demonstrated that the wet chambers can be maintained for 3-5 days. We were also 
able to introduce polyethylene catheter tubing (1. 5mm bore) into the chambers to provide 
a constant flow of oxygenated Ringer's solution to the tissue. 

X-ray spectra from most of the scoliotic erythrocyte samples show significant Se sig- 
nal, whereas the spectra from normal samples show none. Non-heparinized samples show 
significantly greater Se content than heparainized identical specimens. It is unfortu- 
nate that some of the pathological blood samples could not be included in the tabulated 
results owing to the possibility of undiagnosed blood dyscrasias and possible endocrino- 
pathies. Further studies will have to be done with a known sample population to elimi- 
nate these variables. 


Conelustons 


Additional work must be done to determine conclusively whether the presence of Se in 
concave muscle (and to some extent convex) from patients with idiopathic scoliosis is uni- 
versally observed. The fact that no Se is found in gluteal muscle fibers, and is found in 
not only the paraspinal muscle fibers adjacent to the curvature of the spine, but also as- 
sociated with the red blood cells of affected patients, strongly suggests that Se may be 
a marker element for idiopathic scoliosis. It is too soon to speculate whether Se is a 
byproduct of abnormal neuromuscular function, or whether its presence may be the genetic 
expression of altered enzyme or transport systems. 

In conclusion, it appears that PIXE and XRF analysis offer a very direct and sensi- 
tive means of detecting trace elements in intact muscle fibers. Furthermore, experience 
with these techniques indicates possible accuracies of 10-20% at about l0ppm trace levels. 
Ideally the tissue should not be fixed, but quench-frozen in liquid nitrogen and examined 
frozen by PIXE or freeze-dried by XRF, to avoid exogenous elemental contamination and re- 
duce the background. The proton yu-beam has the efficiency and sensitivity to detect small 
amounts of endogenous elements in biological samples with accuracy comparable with XRF. 
Because samples can be elementally analyzed as intact structures at atmospheric pressure 
and in a wet cell, the proton microprobe has a marked advantage as a biological research 
tool. 
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Kighteen Years of Secondary Ion Mass Spectrometry: 
A Bibliography of SIMS, 1958-1975 


Shaiw-Yih Yin 


Introduction--by D.B. Wittry 


In recent years, the technique of secondary ion mass spectrometry (SIMS) has attracted increasing 
interest because of its extremely high sensitivity for elemental detection and because of its capabilities 
for local analysis and for ion microscopy. At least nine commercial instruments for this analytical 
technique have been developed and many investigations have been made concerning sputtering phenomena that 
influence the quantitative and qualitative aspects of SIMS. Two international conferences and two 
U.S.-Japan seminars on SIMS have been held during the past 5 years. 

In this bibliography, the author has included publications on instrumentation, applications and theory 
of SIMS. In addition, many references are included that technically are not a part of the SIMS literature 
but provide information that is essential in interpreting the data obtained with SIMS. An index has been 
included for convenience in locating references concerned with a particular aspect of SIMS or on sputtering 
phenomena related to SIMS. 

It is expected that this bibliography will be a valuable aid not only for researchers presently engaged 
in SIMS investigations but also for new researchers in this field. Hopefully, another bibliography covering 
the later years of SIMS will be published in the next volume of these proceedings. In this next 
bibliography, corrections or additions to the present bibliography will be included. (Please send any 
corrections or suggestions for additions for 1958-1975 to D. B. Wittry, VHE 602, University of Southern 
California, Los Angeles, CA 90007). 
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